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Ai peak area of compound i 
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∆H°f formation enthalpy at 1 bar 
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Ea activation energy 
F Mass feed flow 
K thermodynamic constant 
k kinetic constant 
m mass 
m'i mass of pure compound i obtained from the calibration curve 
MP total mass of collected product 
MP(GC-glass) mass of collected product in the GC- glass 
Mri 
N 
molecular weight of component i 
Molar feed flow 
n reaction order 
P° vapor pressure 
Pi  partial pressure of the component i 
PT total pressure 
QO2 volumetric flow of oxygen at the reaction temperature 
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S selectivity 
T  temperature 
V volume 
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1 Chapter 1. Introduction 
1.1 Introduction 
The main goal of this project is to replace the 3C-building block propylene by the 
3C-building unit glycerol for the production of acrolein. Glycerol can be valorized by 
dehydrating it to acrolein with the help of a heterogeneous acidic catalyst. Complete 
conversion of glycerol conversion and high acrolein selectivity are the main goals of the 
project. The aim of the engineering part of this project is: 
 
• Investigation and optimization of the different parameters, which influence 
the dehydration reaction 
• Design and building of a pilot plant to carry out the reaction in a larger 
scale 
 
The current industrial source of acrylic acid is propylene. This acid is produced by 
the oxidation of propylene, where acrolein is the intermediate step. 
 
O- H2O
[Het. Mixed oxide catalyst] [Het. mixed oxide catalyst]
+1/2 O2 O
OH
+1/2 O2
 
 
Figure 1. 1 Current process for industrial acrylic acid production. The present project is looking for 
an alternative to this reaction. 
 
Disposable baby diapers have enormous liquid absorption ability. This is a credit of 
polymeric “super absorbents”, mainly poly acrylic acid. Due to these properties, the 
acrylic acid, monomer of PAA, and acrylic esters, became with these properties the most 
important industrial unsaturated organic acid. 2,8 million t/a of acrylic acid have been 
produced in 2002. This market is growing by four percent each year. 
 
Unfortunately, crude oil is still the main propylene source. Not only the carbon 
source of the disposable super absorbents is crude oil, but also the production of acrylic 
acid by this process route promotes the emission of CO2 to the atmosphere. Avoiding this 
route by using alternative carbon sources would be a green alternative for the acrylic 
acid industry. 
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Glycerol has three carbon atoms with a hydroxyl group on each of them. The 
dehydration of glycerol to acrolein is the main idea of the present project. Followed by an 
oxidation of acrolein, acrylic acid is obtained. 
 
OOHHO
OH
- 2 H2O
[Het. acidic catalyst] [Het. mixed oxide catalyst]
+1/2 O2 O
OH  
 
Figure 1. 2. Alternative process for the production of acrolein. 
Glycerol is not only a chemical alternative. It has also a big potential for being an 
environmental and economical attractive one. 
1.1.1 General information about glycerol 
Glycerol is the common name of propane-triol. It is a sweet tasting, highly viscous 
colorless and odorless liquid with no known toxic properties. 
 
Table 1. 1. General properties of glycerol 
Chemical 
Formula 
C3H8O3 
Structure OH
OHOH  
Molecular 
Weight 
92,09 g/mol 
Boiling Point   290° C 
Density 1,262 g/ml 
 
Glycerol has many direct utilization fields, such as cosmetics, lubricants or 
explosives, and other 1300 applications, but not enough market possibilities to take all 
the glycerol from diesel production. 
 
Glycerol is a side-product of bio-diesel production. Natural oils are triglycerides. 
The transesterification of one mole of such an oil yields three moles of hydrocarbon 
chains and one mole of glycerol. The hydrocarbon chains are used as bio-diesel fuels. 
Due to the developments in the bio-diesel industry, the glycerol production is also 
increasing. Since the demand for glycerol is not increasing with the same tendency, the 
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glycerol price is decreasing, which makes it an interesting carbon source for 
intermediates. 
 
The dehydration of glycerol to acrolein is an adequate reaction with interesting 
economic and environmental aspects. 
1.1.1.1 Environmental attractiveness of glycerol versus propylene 
Bio-diesel is produced from agricultural products and not from crude oil. Glycerol 
is formed as a by-product during the transesterification process, which is the key step for 
the production of bio-diesel. 
 
 
 
Figure 1. 3. Glycerol co-production during bio-diesel winning 
The use of glycerol produced during the bio-diesel process has potential to be an 
environmentally carbon source for the production of acrylic acid. Moreover, the 
economical valorization of glycerol makes the bio-diesel production more attractive. 
Replacing propylene by glycerol would be an indirect step for improving the sustainability 
in environmental care. 
1.1.1.2 Economical attractiveness of glycerol versus propylene 
It is known that crude oil price is increasing. In connection to that, the propylene 
price increases as well, since it is mainly crude oil based. On the other hand, glycerol 
prices are decreasing. The reason: Glycerol is not an important intermediate. It is mostly 
used in small amounts for cosmetics and for the food industry. Global glycerol demand is 
not increasing so fast as the bio-diesel production. The following diagram compares the 
price evolution of propylene and different qualities of glycerol. 
Vegetable oil
Methanol
Transesterification
Biodiesel
Fatty Acid Methyl Ester
Diesel mix
Glycerol co-production = 10 %
i.e. an expected additional 1 000 kt by 2015 
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Figure 1. 4. Comparison of the price evolution for propylene and different qualities glycerol. 
The pure carbon price per chemical is not clear, since the functional groups have 
different weights. Nevertheless the propylene is expected to get even more expensive, 
and glycerol cheaper. The economical attractiveness of glycerol against propylene would 
increase if these price tendencies keep on. 
1.1.2 General information about acrolein 
Acrolein is the smallest unsaturated aldehyde. It is a yellowish liquid with a 
distinctive pungent odor. It is a flammable and extremely toxic chemical with high 
environmental polluting potential. 
 
Table 1. 2. General properties of acrolein. 
Chemical 
Formula 
C3H4O 
Structure O
 
Molecular 
Weight 
56,06 g/mol 
Boiling Point 53° C 
Density 0,855 g/ml 
 
Acrolein was produced 113 Kt/a in 1995. Except from some direct 
implementations, such as bactericides in petroleum drilling branch, acrolein is primarily 
used as intermediate. Mainly it is oxidized to acrylic acid, which can be polymerized to 
poly acrylic acid used as super absorbent. These super absorbents are applied for 
example in diapers. 
 
In the conversion of propylene to acrolein, Bi/Mo mixed oxide catalysts are utilized 
for the vast production of acrolein in the industry1. The fossil heritage of propylene is one 
of the significant drawbacks of this process. By-product issues and high-energy 
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consumption are also increasing the necessity of a novel process for the production of 
acrolein. 
 
The European Legislative has prohibited the vast transportation of acrolein. 
Hence, the propylene oxidation process requires complicated facilities, small production 
units for acrolein, which can be used where acrolein is also demanded, are necessary 
developments. 
1.1.3 The dehydration of glycerol 
P. Sabatier 1918 has described the catalytic conversion of glycerol to acrolein2. In 
1948, H.E. Hoyt et al. have patented a heterogeneous catalyzed continuous process for 
the production of acrolein from glycerol3. In that patent the consistence of the catalyst 
material has been reported as diatomaceous earth supported ortho-phosphoric acid, 
which has been mixed with a petroleum oil fraction with a boiling point of about 300°-
400° C. The acrolein yield is claimed to be 72,3 %. 
 
In 1993, T. Haas et. al. claimed a patent4 concerning the production of 1,2- and 
1,3-Propandiol from Glycerol. The first step described in this patent is the dehydration of 
glycerol using α-alumina supported phosphoric acid for the production of acrolein. The 
acrolein yield is reported as 70,5 %. In cooperation with Arkema we claimed also some 
patents for the dehydration of glycerol to acrolein5 and the dehydration from glycerol to 
acrylic acid6: 
 
Process for dehydration of glycerol to acrolein5. A manufacturing process of 
acrolein by dehydration of glycerol in phase gas, in the presence of solid catalysts having 
an acidity of Hammett H0 between -9 and -18 such as sulfated zirconia has been 
developed. These catalysts deactivate slowly so as to permit long reaction cycles and low 
reactor volumes. 
 
Process for acrylic acid preparation from glycerol6. The invention relates to a 
process for manufacturing of acrylic acid by oxydehydrogenation of glycerol in the 
presence of mol. oxygen.  The reaction is preferably carried out in the gas phase in the 
presence of a suitable catalyst. 
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1.1.4 Reaction mechanism 
The mechanism for the desired reaction is hypothetically as the following: 
OHOH
OH
OHOH
OH2
OHOH
-H2O [-H+]
OHOH
[+H+]
OHO
[+H+]
OH2O
-H2O
OO
[-H+]
 
Figure 1. 5. Dehydration mechanism of glycerol yielding acrolein 
On the other hand, if one of the terminal hydroxyl groups gets protonated, the 
reaction leads to hydroxypropanone.  
OHOH
OH
OHOH2
OH
OH
-H2O [-H+]
OH
[+H+]
OH OH
OH
O
 
 
 Figure 1. 6. Dehydration mechanism of glycerol yielding hydroxyacetone 
Secondary carbenium ions are more stable than the primary ones. Due to this, the 
reaction yielding acrolein is favored to the one yielding hydroxypropanone. 
 
1.2 Previous experiments 
Dr. Christoph Duquenne of our group has investigated the dehydration of glycerol to 
acrolein in the presence of different heterogeneous catalysts. Some of the experiments 
and results that were obtained are described to introduce the present work. 
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1.2.1 Experimental setup 
 
Reactor
Glycerol /Water
solution
Nitrogen and/or
Oxygen (Gas)
Oven
Cat.
Cooling /
Sampling  
Figure 1. 7. Experimental Set Up. 
An aqueous glycerol solution and a gas feed (oxygen in the most of the cases) are 
pumped into the reactor, in which the catalyst is fixed. The reactor is placed inside of an 
oven to supply the heat energy for the reaction. The vapors, coming out from the 
reactor, are condensed in a cooled trap. A trap filled with water is placed inside of a 
container cooled with ice. The samples are taken manually, by extracting a certain 
amount of the product. The analysis of the samples was carried out with the 
chromatographic method. The identified products in the dehydration reaction were 
mainly acrolein, acetaldehyde, propanaldehyde, acetone, hydroxyacetone (HPO), phenol, 
and glycerol. 
1.2.2 Experimental session 
Results obtained over different catalysts, with and without oxygen, are described 
in Figure 1. 8 - Figure 1. 10: 
 
 Catalyst: Zeolite HZSM 5 
 mcat: 6,41 g (10 ml) 
 Glycerol concentration: 20 % (w/w) 
 Feed flow: 12 g/h 
 Oxygen flow: 0 or 0,34 l/h (normal conditions) 
 Temperature: 280 °C 
 
    
 
 
 
 
 
 Catalyst: Zeolite H Beta 
   
Figure 1. 8. Experiments with the catalyst HZSM5. 
Catalyst: HZSM5
Without oxygen assistance
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Catalyst: H-Beta Zeolite 
 mcat: 6,41 g (10 ml) 
Glycerol concentration: 20 % (w/w) 
 Feed flow: 12 g/h 
 Oxygen flow: 0 or 0,34 l/h (normal conditions) 
 Temperature: 280 °C 
 
 
 
 
 
 
 
 
 
Figure 1. 9. Experiments with the catalyst H-Beta Zeolite. 
 
 
Catalyst: Phosphated zirconia 
 mcat: 12,7 g (10 ml) 
 Glycerol concentration: 20 % (w/w) 
 Feed flow: 12 g/h 
 Oxygen flow: 0 or 0,34 l/h (normal conditions) 
 Temperature: 280 °C 
 
 
 
 
 
 
 
 
 
  
Figure 1. 10. Experiments with the catalyst Phosphated Zirconia. 
 
The results are summarized in Table 1. 3: 
 
Catalyst: H Beta Zeolite
Without oxygen assistance
0
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80
100
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Reacted glycerol [g]
X Glycerol
S Acrolein
Y Acrolein
Y Hydroxypropanone
Y Acetaldehyde
Y Propanaldehyde
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Catalyst: H-Beta Zeolite
With oxygen assistance
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Table 1. 3. Dehydration of glycerol to acrolein. Results with and without oxygen over different 
catalysts 
 
 
 
 
 
 
 
 
 
 
* Identified products 
 
 In the presence of oxygen in most of the cases, an increase in the production of 
acrolein and a decrease of by-products can be achieved. Additionally, the service time is 
prolonged. Furthermore, experiments carried out with the catalyst ZrO2/WO3 are the 
most promising. According to these results, an optimization of the parameters, 
influencing in the dehydration, is needed, in order to determine the role of each 
parameter in the reaction. The scale up of the reaction in a pilot plant is also one of the 
main objectives of the engineering part of the current project. 
1.2.3 Description of the catalyst WO3/ZrO2 
Tungston zirconia materials are very attractive, environmentally friendly solid 
acids. Although less active than their sulfate-promoted counterparts, tungston zirconia 
catalysts offer inherent advantages over the former from the standpoint of industrial 
application, such as higher stability under high-temperature treatments, lower 
deactivation rates during catalysis, and easier regeneration7. A minimum level of WOx is 
required to stabilize the tetragonal phase of the zirconia support on annealing in air at 
high temperatures (typically 973 – 1173 K) needed to produce catalytically active 
materials. Iglesia and co-workers8,9 reported that the acid activity of WOx-ZrO2 materials 
is a unique function of the tungsten surface density rather than the W loading or 
calcinations temperature independently. When this parameter is considered, a maximum 
in the catalyst activity is found at intermediate values of the tungsten density. It has 
been proposed that strong Brönsted acid sites responsible for the high catalytic activity of 
WOx-ZrO2 develop on reduction of W
+6 species in the presence of H2 or other reductants, 
such alkanes or alcohols, to compensate the excess of negative charge in the 
polyoxotungstated domains. These types of acid sites are termed temporary acid sites, in 
opposition to the permanent acidity present in calcined WOx-ZrO2 samples. By 
217010070-ZrO2/WO3
173710037+Phosphated Zirconia
38
54
49
39
36
Y Acrolein
[%]
39
54
52
44
47
S Acrolein
[%]
2999-Phosphated Zirconia
589+HZSM5
977-HZSM5
12100+H-Beta Zeolithe
2095-H-Beta Zeolithe
S By-products*
[%]
X Glycerol
[%]
OxygenCatalyst
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themselves, the latter acid sites cannot account for the observed catalytic activity. At 
tungsten coverages well bellow the monolayer, isolated monotungstate species 
predominate on the zirconia surface. These species are difficult to reduce and thus do not 
allow the formation of catalytically active Brönsted acid sites. In contrast, highly 
reducible three-dimensional WO3 crystallites coexist with the two-dimensional amorphous 
polytungstates at coverages exceeding the monolayer, resulting a decreasing 
accessibility to the active WOx species. Thus, the occurrence of a maximum in the 
catalytic activity at intermediate WOx surface densities represents a compromise between 
the accessibility to the surface WOx species and their reducibility. 
 
General Calculations                                                                                                11 
OHHO
OH
OH
H
+ H2O2
2 Chapter 2. General Calculations 
2.1 Thermodynamics 
In this section, the thermodynamic of the process will be determined. Thereby, the 
calculation involves the following thermodynamic parameters: 
 
- The reaction enthalpy: ∆Hr 
o If the reaction enthalpy is negative, it means that the reaction is 
exothermic, and the reaction itself supplies heat to the system. 
o If the reaction enthalpy is positive, it means that the reaction is 
endothermic, and the reaction needs heat from the system. 
 
- Thermodynamic constant: K = EXP(-∆Gr/RT), where  ∆Gr is the Gibbs free 
energy of the reaction and R is the constant for ideal gases. 
 
o If K > 1, it means that the reaction is spontaneous, and the reaction is 
possible in the way that it is written. 
o If K < 1, it means that the reaction is non-spontaneous, and the 
inverse reaction takes place. 
 
With help of the program Predict Plus 2000, plenty of thermodynamic data can be 
calculated. Some chemical compounds are in the database of the program. This program 
can determine thermodynamic properties automatically. For compounds, which are not 
included in the database, their thermodynamic properties can be calculated out of some 
other thermodynamic variables by using theoretical models. The program offers also the 
possibility to determine some thermodynamic properties at different temperatures.  
 
The dehydration of glycerol to acrolein is in our interest: 
 
 
 
  
The formation enthalpies and Gibbs free energy for the species, which participate 
in the reaction given by the program at different temperatures, are shown in the Table 2. 
1 - Table 2. 3: 
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Table 2. 1. Thermodynamic data for glycerol at different temperatures. 
For Glycerol: 
T (°C) T (K) 
∆Hfo 
(J/kmol) 
∆Sfo 
(J/kmol.K) 
∆Gfo 
(J/kmol) 
Phase 
25 298,15 -5,83E+08 -4,50E+05 -4,49E+08 LIQUID 
280 553,15 -5,97E+08 -4,86E+05 -3,28E+08 LIQUID 
290 563,15 -5,97E+08 -4,86E+05 -3,23E+08 VAPOR 
300 573,15 -5,97E+08 -4,87E+05 -3,18E+08 VAPOR 
320 593,15 -5,98E+08 -4,88E+05 -3,09E+08 VAPOR 
 
Table 2. 2. Thermodynamic data for acrolein at different temperatures. 
 For Acroleine: 
T (°C) T (K) 
∆Hfo 
(J/kmol) 
∆Sfo 
(J/kmol.K) 
∆Gfo 
(J/kmol) 
Phase 
25 298,15 -8,10E+07 -8,33E+04 -5,62E+07 LIQUID 
280 553,15 -8,78E+07 -1,01E+05 -3,18E+07 VAPOR 
290 563,15 -8,79E+07 -1,01E+05 -3,08E+07 VAPOR 
300 573,15 -8,81E+07 -1,02E+05 -2,98E+07 VAPOR 
320 593,15 -8,84E+07 -1,02E+05 -2,78E+07 VAPOR 
 
Table 2. 3. Thermodynamic data for water at different temperatures.  
 For Water: 
T (°C) T (K) 
∆Hfo 
(J/kmol) 
∆Sfo 
(J/kmol.K) 
∆Gfo 
(J/kmol) 
Phase 
25 298,15 -2,42E+08 2,30E+03 -2,43E+08 LIQUID 
280 553,15 -2,44E+08 -2,61E+04 -2,30E+08 VAPOR 
290 563,15 -2,44E+08 -2,67E+04 -2,29E+08 VAPOR 
300 573,15 -2,44E+08 -2,73E+04 -2,29E+08 VAPOR 
320 593,15 -2,45E+08 -2,83E+04 -2,28E+08 VAPOR 
 
 
The reaction enthalpy, Gibbs energy of formation and the thermodynamic 
constant can be calculated, taking in account the stoichiometry of the reaction. The 
results are shown in Table 2. 4: 
 
Table 2. 4. Thermodynamic data of the dehydration of glycerol to acrolein. 
T 
(°C) 
T (K) 
∆HRo 
(J/kmol) 
∆SRo 
(J/kmol.K) 
∆GRo 
(J/kmol) 
Thermic Spontaneous K 
25 298,15 1,81E+07 3,71E+05 -9,26E+07 Endothermic Yes 1,64E+16 
280 553,15 2,04E+07 3,32E+05 -1,63E+08 Endothermic Yes 2,66E+15 
290 563,15 2,05E+07 3,31E+05 -1,66E+08 Endothermic Yes 2,59E+15 
300 573,15 2,06E+07 3,31E+05 -1,69E+08 Endothermic Yes 2,53E+15 
320 593,15 2,07E+07 3,29E+05 -1,75E+08 Endothermic Yes 2,42E+15 
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As it can be observed, the dehydration of glycerol to acrolein is 
thermodynamically possible and endothermic. 
 
To determine the thermodynamic data of the by-products, it is necessary to know 
the reaction mechanism for its formation. This study will be carried out in the chemical 
part of the project. 
 
For further studies and due to the importance of the process, it is convenient to 
determine also the thermodynamic of the oxidation reaction from acrolein to acrylic acid. 
 
 
 
 
 
Table 2. 5. Formation enthalpy of the oxidation species. 
For Acrylic Acid: 
 
 
 
 
 
 
 
 
 With the data of the Table 2. 2, Table 2. 3 and Table 2. 5, the thermodynamic 
data for the oxidation can be determined as Table 2. 6 shows: 
 
Table 2. 6. Thermodynamic data of the oxidation from acrolein to acrylic acid.  
T (°C) T (K) ∆HRo 
(J/kmol) 
∆SRo 
(J/kmol.K) 
∆GRo 
(J/kmol) 
Thermic Spontaneous K 
25 298,15 -2,55E+08 -8,48E+04 -2,30E+08 Exothermic Yes 2,00E+40 
280 553,15 -2,55E+08 -8,43E+04 -2,09E+08 Exothermic Yes 5,03E+19 
290 563,15 -2,55E+08 -8,44E+04 -2,08E+08 Exothermic Yes 1,87E+19 
300 573,15 -2,55E+08 -8,45E+04 -2,07E+08 Exothermic Yes 7,22E+18 
320 593,15 -2,55E+08 -8,47E+04 -2,05E+08 Exothermic Yes 1,18E+18 
 
In the Table 2. 6, the oxidation of acrolein to acrylic acid is thermodynamically 
possible and exothermic. The reaction enthalpy and Gibbs energy remain constant 
between 280 – 300 °C. 
 
T (°C) T (K) 
∆Hfo 
(J/kmol) 
∆Sfo 
(J/kmol.K) 
∆Gfo 
(J/kmol) 
Phase 
25 298,15 -3,36E+08 -1,68E+05 -2,86E+08 LIQUID 
280 553,15 -3,43E+08 -1,86E+05 -2,40E+08 VAPOR 
290 563,15 -3,43E+08 -1,86E+05 -2,39E+08 VAPOR 
300 573,15 -3,43E+08 -1,86E+05 -2,37E+08 VAPOR 
320 593,15 -3,44E+08 -1,87E+05 -2,33E+08 VAPOR 
O
OH
0,5 O2+O
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Acrolein is the intermediate of the main process to form acrylic acid. Therefore, it 
is important to determine if the reaction from glycerol to acrylic acid is also possible. 
 
 
 
 
 
 
Table 2. 7. Thermodynamic data for the reaction glycerol to acrylic acid. 
 
The reaction of glycerol to acrylic acid, Table 2. 7, is possible and exothermic. It is 
thermodynamically possible to carry out the oxidation of glycerol to acrylic acid, but 
without the intermediate acrolein. 
 
In another reaction, which has to be taken in account, is the combustion of 
glycerol. At temperatures where the dehydration reaction takes place, the combustion of 
glycerol into CO2 and H2O could be also possible, although a higher amount of oxygen is 
needed. 
 
Glycerol + 3,5 O2    3 CO2 + 4 H2O  
  
The combustion of glycerol is exothermic and spontaneous as Table 2. 8 shows 
 
 
Table 2. 8. Thermodynamic data for the glycerol oxidation. 
 
 
T (°C) T (K) ∆HRo 
(J/kmol) 
∆SRo 
(J/kmol.K) 
∆GRo 
(J/kmol) 
Thermic Spontaneous K 
25 298,15 -2,37E+08 2,86E+05 -3,23E+08 Exothermic Yes 3,28E+56 
280 553,15 -2,35E+08 2,48E+05 -3,72E+08 Exothermic Yes 1,34E+35 
290 563,15 -2,35E+08 2,47E+05 -3,74E+08 Exothermic Yes 4,85E+34 
300 573,15 -2,35E+08 2,46E+05 -3,76E+08 Exothermic Yes 1,82E+34 
320 593,15 -2,35E+08 2,45E+05 -3,80E+08 Exothermic Yes 2,85E+33 
T (°C) T (K) ∆HRo 
(J/kmol) 
∆SRo 
(J/kmol.K) 
∆GRo 
(J/kmol) 
Thermic Spontaneous K 
25 298,15 -1,57E+09 4,68E+05 -1,70E+09 Exothermic Yes 4,5E+298 
280 553,15 -1,56E+09 3,88E+05 -1,78E+09 Exothermic Yes 5,4E+167 
290 563,15 -1,56E+09 3,86E+05 -1,78E+09 Exothermic Yes 1,1E+165 
300 573,15 -1,56E+09 3,85E+05 -1,78E+09 Exothermic Yes 2,6E+162 
320 593,15 -1,56E+09 3,81E+05 -1,79E+09 Exothermic Yes 2,8E+157 
+ 
O
OH
0,5 O2+
H 2 O 2 
O H H O 
O H 
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Some calculations are necessary and interesting to be carried out before the 
optimization of the reaction in the lab scale apparatus. These calculations are described 
in the next paragraph. 
2.2 Phase Diagram Water - Glycerol 
To determine if the glycerol solution behaves like an ideal solution it is necessary to 
calculate the phase diagrams of the components involved in the mixture. An ideal 
solution means that the behavior of one component in the mixture is not influenced by 
other components of the mixture. In this case, the mixture consists of water and 
glycerol. To determine the phase diagram of the mixture is necessary to know the 
dependence of the vapor pressure with the temperature of the pure compounds. 
2.2.1 Calculation of the vapor pressure  
The dependence of the vapor pressure of the pure components versus the 
temperature can be obtained from the literature. 
 
Vapor pressure data for pure glycerol10: 
 
Table 2. 9. Vapor pressure data for pure glycerol. 
T (°C) P° (mmHg) 
125,5 1 
153,8 5 
167,2 10 
182,2 20 
198 40 
208 60 
220,1 100 
240 200 
263 400 
290 760 
 
The data of Table 2. 9 can be plotted to obtain the equation that represents the 
vapor pressure of glycerol with the temperature (Figure 2. 1). 
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Vapor pressure of pure glycerol
y = 2,93E-04x3 - 1,35E-01x2 + 2,09E+01x - 1,07E+03
R2 = 1,00E+00
0
100
200
300
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800
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Figure 2. 1. Dependence of the vapor pressure of pure glycerol with the temperature. 
 
Vapor pressure data for water pure11: 
In the case of water, the dependence of the vapor pressure with the temperature 
was found as Antoine equation, where the vapor pressure is expressed in mmHg and the 
temperature in K. 
 






−
−⋅=
47,39)(
42,3988573,16exp10)( 30
KT
mmHgP    (2.1) 
 
2.2.2 Determination of the P-x-y and T-x-y phase diagrams 
To obtain both diagrams, pressure - liquid molar composition - vapor molar 
composition (P-x-y), and temperature - liquid molar composition - vapor molar 
composition (T-x-y) for the system glycerol-water it is supposed that the glycerol 
solution is an ideal solution. 
 
In this case, the Raoult’s law for the two components can be used to write the 
partial pressure of each pure component as a linear function of the molar fraction: 
 
oPxP 111 ⋅=      (2.2) 
 
( ) ( ) 121221112211 1 xPPPPxPxPxPxP oooooo ⋅−+=⋅−+⋅=⋅+⋅=   (2.3) 
 
Thereby, the total pressure has a linear dependence upon the molar fraction. The 
parameters referred to the most volatile compound of the system, in this case water, will 
be expressed with the sub index 1. 
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P°1: vapor pressure of pure water. Equation (2.1) 
P°2: vapor pressure of pure glycerol. Figure 2. 1  
x1: molar fraction of water in the liquid phase. 
x2: molar fraction of glycerol in the liquid phase. 
y1: molar fraction of water in the vapor phase. 
y2: molar fraction of glycerol in the vapor phase. 
 
In order to know the relation between the total pressure of the system and the 
vapor composition, an ideal behavior for the vapor phase can be also supposed. In this 
case the Dalton’s law can be used, where the partial pressure of each compound of the 
system has a linear dependence with the fraction molar in the vapor phase: Pi = P.yi  
 
The Dalton’s law can be reorganized and with help of the equations (2.1), (2.2), 
to obtain a relation between the total pressure and the molar fraction in the vapor phase 
of the compound. 
 
( ) ( ) 1020101
0
2
0
1
1
0
2
0
1
0
1
1
0
11
1 yPPP
PP
P
xPPP
xP
P
P
y T
−−
=⇒
−+
==   (2.4) 
 
The equation (2.4) shows the relation between the total pressure of the system, 
at constant temperature, and the composition of the two phases (liquid and vapor). In 
this case, the temperature was 290 °C. At this temperature the vapor pressure of the 
pure components is: for water P1
o = 58216,5 mmHg and for glycerol P2
o = 785,5 mmHg. 
Table 2. 10 and Figure 2. 2 show the calculated data with the equations (2.3) and (2.4) 
to determine the P-x-y diagram. 
 
 
 
 
 
 
 
 
 
 
 
 
 
18 General Calculations 
 
 
Table 2. 10. P-x-y data for the system glycerol-water at 290 °C 
x1 y1 P (mmHg) 
0,0000 0,0000 785,51 
0,0100 0,4281 1359,82 
0,0200 0,6020 1934,13 
0,0300 0,6962 2508,43 
0,0400 0,7554 3082,74 
0,0500 0,7959 3657,05 
0,0600 0,8255 4231,36 
0,0700 0,8480 4805,67 
0,0800 0,8657 5379,98 
0,0900 0,8800 5954,29 
0,1000 0,8917 6528,60 
0,2000 0,9488 12271,70 
0,3000 0,9695 18014,79 
0,4000 0,9802 23757,89 
0,5000 0,9867 29500,98 
0,6000 0,9911 35244,08 
0,7000 0,9943 40987,17 
0,8000 0,9966 46730,27 
0,9000 0,9985 52473,36 
1,0000 1,0000 58216,46 
 
            
Vapor - Lquid Equilibria for the System Water - Glycerol (T = 290 °C)
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Figure 2. 2. P-x-y diagram for the system glycerol-water at 290 °C. 
General Calculations                                                                                                19 
In the Figure 2. 2, a linear relation between the total pressure of the system and 
the composition of the liquid phase x1 (blue line) can be observed. 
 
An iterative process has to be carried out to determine the diagram T-x-y of the 
system glycerol - water at 760 mmHg. An initial temperature has to be supposed, and 
then, with help of the Figure 2. 1 and the equation (2.1) (Antoine equation), the 
calculation of the vapor pressure of the pure compounds can be carried out. After this, 
the total pressure can be calculated, and the result must be 760 mmHg. If this result is 
lower than 760 mmHg, the supposed temperature was too low, and vice verse. The 
macro option Solver (Microsoft Excel) allows the iteration automatically. 
 
The concentration of the glycerol solution is 20 % weight (w2 = 0,2 g. glycerol/g. 
solution). To determine if with this 20 % - solution the reaction takes place in the vapor 
phase, it is necessary to know the initial composition in terms of molar fraction in the 
liquid phase. To transform mass fraction into molar fraction, the equation (2.5) can be 
used:  
glycerol
solution
Mr
Mr
wx ⋅= 22      (2.5) 
Where: 
    ( ) glycerolwatersolution MrwMrwMr ⋅−+⋅= 11 1    (2.6) 
 
2121 1;1 xxww −=−=     (2.7) 
 
 Mr means molecular weight, w mass fraction and x, molar fraction. 
 
To obtain the x-y data, random values of x1 are given (see Table 2. 11). With the 
equation (2.3) and the results of the temperature iteration, the y-values of the system 
can be calculated. Now, the T-x-y diagram for the system glycerol-water at 1 atm can be 
plotted. 
 
With a 20 % glycerol concentration (w2 = 0,2), the molar fraction of volatile 
compound is x1 = 0,9287 
 
The results are shown in the Table 2. 11 and Figure 2. 3. 
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Table 2. 11. T-x-y data for the system glycerol-water at 760 mmHg. 
x1 y1 Tsup (°C) P1° (mmHg) P2° (mmHg) P (mmHg) 
0,000 0,00000 288,39 56864,01 759,00 760,0 
0,002 0,13558 281,73 51520,79 655,96 760,0 
0,004 0,24734 275,68 46995,42 571,02 760,0 
0,006 0,34044 270,15 43122,00 500,27 760,0 
0,008 0,41869 265,06 39775,84 440,80 760,0 
0,010 0,48501 260,36 36861,10 390,40 760,0 
0,020 0,70076 241,23 26628,75 226,45 760,0 
0,030 0,81160 227,04 20560,66 142,19 760,0 
0,040 0,87400 215,95 16606,06 94,80 760,0 
0,050 0,91135 206,94 13852,58 66,45 760,0 
0,060 0,93466 199,42 11839,08 48,71 760,0 
0,070 0,94974 193,02 10311,48 37,27 760,0 
0,080 0,95973 187,48 9117,41 29,69 760,0 
0,090 0,96650 182,61 8161,59 24,57 760,0 
0,100 0,97110 178,28 7380,38 21,06 760,0 
0,200 0,98296 151,21 3735,25 12,15 760,0 
0,250 0,98511 143,17 2994,73 10,57 760,0 
0,270 0,98611 140,49 2775,71 9,83 760,0 
0,300 0,98780 136,89 2502,43 8,57 760,0 
0,400 0,99486 127,47 1890,23 3,31 760,0 
0,500 1,00331 120,58 1525,03 -3,01 760,0 
0,600 1,01239 115,21 1282,36 -9,81 760,0 
0,700 1,02166 110,84 1109,24 -16,76 760,0 
0,800 1,03091 107,18 979,37 -23,69 760,0 
0,900 1,04001 104,03 878,23 -30,51 760,0 
1,000 1,04889 101,28 797,16 -37,16 760,0 
 
 Values over 1 for y1 are due to the theoretical calculation. The molar composition 
range is between 0 – 1. 
 
Figure 2. 3. T-x-y diagram for the system glycerol-water at 760 mmHg 
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As a result, out of the Figure 2. 3, it was found, that for a fraction molar of x1 = 
0,9287 in the liquid phase and a pressure of 760 mmHg, the system glycerol-water is 
completely evaporated above approximately 200 °C. In this figure, the boiling point of 
the pure components can be read on both curves at x1, y1 = 1 for water, and at x1, y1 = 
0 for glycerol. When the glycerol solution (20 % w/w, or in expressed in volatile 
component, x1 = 0,9287) is heated up remains liquid until approximately 104 °C. When 
the solution reaches 200 °C, the mixture is completely evaporated. Between 200 and 104 
°C, the system is a mixture of liquid and vapor. The molar composition of the vapor 
fraction, y1, can be obtained by reading on the condensation curve, and the molar 
composition of the liquid fraction, x1, by reading on the vaporization curve. 
 
2.3 Calculation of the Explosive Ranges  
2.3.1 Determination of the oxygen percentage in the presence of glycerol 
For the dehydration of glycerol to acrolein, the addition of oxygen causes 
preferred properties. It is know that organic compounds can explode in presence of 
oxidation agents, such as oxygen. In the literature, explosion levels diagrams for organic 
compounds in presence of oxygen can be found. These diagrams are helpful to determine 
if the operation points are inside or outside of the explosion areas. In terms of security, it 
is needed to calculate the percentage of oxygen in the gas phase in the reactor. 
 
100% 22 ⋅=
T
O
Q
QO     (2.8) 
 
Where, 
QO2: volumetric flow of oxygen at the reaction temperature. 
QT: volumetric flow of total gas in the reactor at the reaction temperature 
(glycerol + steam + oxygen) 
 
The flow of oxygen at 20 °C used for the reaction is known. To know the flow of 
oxygen in the reactor, it is necessary to adjust the conversion from the room 
temperature, around 20 °C, until the reaction temperature. For this calculation, the 
equation for ideal gases for an isobaric process can be applied. In a heating process at 
constant pressure the moles number is constant. 
 
1
2
12
2
2
1
1
T
TVV
TR
VP
TR
VP
n ⋅=⇒
⋅
⋅
=
⋅
⋅
=     (2.9) 
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By means of this equation, the volume of oxygen at reaction temperature (T2) can 
be calculated if the volume of oxygen at room temperature (V1) is known. The room 
temperature is expressed by T1. The volume of oxygen, glycerol and steam, are 
calculated in terms of volumetric flow. The flow of oxygen at 20 °C is 4,6 ml/min. 
Substituting the values and using a reaction temperature of 300 °C, the oxygen flow in 
the reactor is QO2 = 8,99 ml/min. 
 
For the determination of the glycerol and steam volume in the gas phase is also 
valid the equation for ideal gases. For this calculation, it is necessary to know the moles 
of glycerol and steam at the reaction temperature. For glycerol: 
 
h / glycerol of moles 0458,0
1001,92
20105,21
=
⋅
⋅
=
⋅
=
glycerol
glycerolg
glycerol Mr
wF
n       (2.10) 
 
The volumetric flow of glycerol gas can be determined according to the equation 
for ideal gases: 
 
min / glycerol ml 40,36
60
10
10
15,5733144,80458,0 6
5 =⋅
⋅⋅
=
⋅⋅
=
P
TRnQ glycerolglycerol       (2.11) 
 
Using the same equations for the steam: 
 
h / steam of moles 9380,0
10018
80105,21
=
⋅
⋅
=
⋅
=
w
wg
w Mr
wF
n  (2.12) 
 
min / steam ml 745
60
10
10
15,5733144,89380,0(solution) 
6
5 =⋅
⋅⋅
=
⋅⋅
=
P
TRnQ wsteam      (2.13) 
 
Qsteam (solution) is the vapor flow contained in the glycerol solution, and Fg 
the mass flow of the glycerol solution. The total volumetric gas flow in the reactor 
is: 
min / gas of ml 39,79099,874540,36(solution) 2 =++=++= OsteamglycerolT QQQQ     (2.14) 
 
Now the percentage of oxygen in the gas phase can be calculated: 
 
%  14,1100
39,790
99,8100% 22 =⋅=⋅=
T
O
Q
QO   (2.15) 
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In the literature12, diagrams for propylene explosion levels can be found, where 
less than 9 % of oxygen in the vapor mixture assures no explosion risk. Comparing the 
results, the reactor is operating under the lower explosion level of oxygen. 
2.3.2 Determination of the oxygen percentage in presence of acrolein 
To determine the oxygen percentage in the reactor in presence of acrolein it is 
necessary to know the concentration of all the gases in each section of the reactor. It is 
also possible to determine the volumetric flow of all the gases in each section of the 
reactor if the selectivity of acrolein is known. For this case, a semi-theoretical study can 
be made, where the acrolein selectivity is given as input. 
 
The dehydration of glycerol to acrolein takes place in the gas phase and can be 
expressed as: 
 
Glycerol (g)  Acrolein (g) + 2 H2O (g) 
 
That means, for each mole of glycerol, one mol of acrolein and two moles of water 
(steam) are formed. If a 100 % conversion of glycerol is supposed, from the selectivity 
data of acrolein and the initial moles of glycerol, the moles of acrolein and steam per unit 
of time can be calculated,  
 
 
acroleinsteam
acroleinglycerolacrolein
nn
Snn
⋅=
⋅=
2
100/
   (2.16) 
 
An ideal behavior of the gases can be assumed to calculate the volumetric flow of 
acrolein and steam produced for each value of the acrolein selectivity (or each section of 
the reactor): 
 
P
TRnQ
P
TRnQ
steam
steam
acrolein
acrolein
⋅⋅
=
⋅⋅
=
(reaction) (reaction) 
 (2.17) 
 
For the calculations, it is also needed to take in account that the glycerol used is 
not pure, but it reacts as a glycerol solution. That means, that the water contained in the 
initial glycerol solution, as steam, has to be taken in account in the calculations. This 
value was calculated before and it is Qsteam (solution) =745 ml / min equation (2.13) (see 
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section 2.3.1). The total volumetric flow of steam in the reactor is the addition of this 
value to the values calculated with the equation (2.17). 
 
The volumetric flow of oxygen was also calculated before and its value is 
supposed constant, that means, there is no consume of oxygen during the reaction. This 
value is QO2 = 8,99 ml / min. Finally, the percentage of each compound in the gas 
mixture can be calculated as follows: 
100 O %
100 steam %
100acrolein  %
2(total)  
2
2
2(total)  
(total)  
2(total)  
⋅
++
=
⋅
++
=
⋅
++
=
Osteamacrolein
O
Osteamacrolein
steam
Osteamacrolein
acrolein
QQQ
Q
QQQ
Q
QQQ
Q
  (2.18) 
 
The results of the calculations are represented in Table 2. 12: 
 
Table 2. 12. Determination of oxygen percentage. Results. 
Fg (g/h) = 21,105 
Fglycerol (g/h) = 4,221 
nglycerol (moles/h) = 0,0458 
 
R (J/mol.K) = 8,3144 
P (Pa) = 100000 
T (°C) = 300 
T (K) = 573,15 
 
QO2 (ml/min) 8,99 
Qsteam (solution) (ml/min) = 744,99 
 
Where: 
Fg: flow of the glycerol solution (g/h) 
Fglycerol: glycerol flow (g/h) 
nglycerol: glycerol mole number 
R: ideal gas constant (J/mol.K) 
P: pressure of the system (Pa) 
T: reaction temperature 
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QO2: oxygen volumetric flow (ml/min) at reaction temperature 
Qsteam (solution): steam volumetric flow (ml/min) in the glycerol solution 
 
 In the literature12, diagrams for acrolein explosion levels can be found, where the 
lower explosion level for the percentage of oxygen is 7,5 %. 
 
Comparing results, the reactor is operating under the lower explosion level of 
oxygen in the whole range of acrolein selectivity (Table 2. 13). The reactor is already 
operating under the lower explosion level before the acrolein production takes place. 
Table 2. 13 shows the percentage of oxygen that is present in the reactor by achieving 
different acrolein selectivity values. The higher the acrolein selectivity, the lower is the 
oxygen percentage in the reactor. The volumetric flow of acrolein and total steam 
increase with the acrolein selectivity achieving that the oxygen amount is more diluted. 
The results are calculated with the equations (2.16) – (2.18). 
 
Table 2. 13. Results of the presence of oxygen. 
Sacrolein 
(%) 
nacrolein 
(moles/h) 
nsteam 
(reaction) 
(moles/h) 
Qacrolein 
(ml/min) 
Qsteam 
(reaction) 
(ml/min) 
Qsteam (total) 
(ml/min) 
% 
Acrolein 
% H2O 
(vapor) 
% 
Oxygen 
0,00 0,0000 0,0000 0,00 0,00 744,99 0,00 98,81 1,19 
10,00 0,0046 0,0092 3,64 7,28 752,27 0,48 98,35 1,18 
20,00 0,0092 0,0183 7,28 14,56 759,55 0,94 97,90 1,16 
30,00 0,0138 0,0275 10,92 21,84 766,83 1,39 97,47 1,14 
40,00 0,0183 0,0367 14,56 29,12 774,11 1,83 97,05 1,13 
50,00 0,0229 0,0458 18,20 36,40 781,39 2,25 96,64 1,11 
60,00 0,0275 0,0550 21,84 43,68 788,68 2,67 96,24 1,10 
70,00 0,0321 0,0642 25,48 50,97 795,96 3,07 95,85 1,08 
80,00 0,0367 0,0733 29,12 58,25 803,24 3,46 95,47 1,07 
90,00 0,0413 0,0825 32,76 65,53 810,52 3,84 95,10 1,06 
100,00 0,0458 0,0917 36,40 72,81 817,80 4,22 94,74 1,04 
 
Where: 
  Sacrolein: acrolein selectivity (%) 
  nacrolein: acrolein mole number 
  nsteam (reaction): water mole number produced in the dehydration 
  Qacrolein: acrolein volumetric flow (ml/min) 
  Qsteam (reaction): water volumetric flow produced in the dehydration 
(ml/min). 
  Qsteam (total): Qsteam (solution) + Qsteam (reaction) 
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2.4 Calculation Methods for Selectivity and Conversion  
2.4.1 Calibration Curves 
The determination of the correction factor for each identified compound in the 
dehydration reaction is of importance. With the correction factor, the relation between 
the peak area from the GC-chromatograms and the mass of each pure compound can be 
calculated. 
 
To get the correction factor is necessary to obtain the calibration curve for each 
compound. The correction factor is the inverse of the slope of the calibration curve. 
 
The calibration curves were determined according to the internal standard method. 
This method consists in the addition of another known compound to the reaction mixture, 
called internal standard. This avoids errors generated in the injection of different volumes 
into the chromatograph. It is almost impossible to know the exact amount of sample 
injected into the chromatograph. The introduction of an internal standard generates a 
certain concentration of the pure compounds. A set of samples with different 
concentrations were prepared, thus the mass of the internal standard and pure 
compounds were known. Injected into the chromatograph, the peak areas corresponding 
to each sample could be obtained. 
 
The representation of the ratio, area of pure compound/area of internal standard, 
(Ai/As) versus the ratio, mass of pure compound/mass of internal standard, (mi/ms) will 
show the calibration curve for each compound. Normally, the calibration curves are 
straight lines, thus, the more concentrated the sample, the higher signal or peak area is 
obtained in the chromatograph. This slope of the calibration curve should be constant 
along the range of concentrations. 
 
These calibrations curves are very useful to get the unknown mass of every one of 
every single compound in the mixture. 
 
The calibration curves obtained for all the identified products are in the Figure 2. 4 
- Figure 2. 14. The curves for alylic alcohol, acetic acid, propionic acid and acrylic acid 
are also included. These compounds were later identified: 
 
 
 In these calibration curves (Figure 2. 4 - Figure 2. 14) is represented the ratio, 
area of pure compound/area of internal standard, (Ai/As) versus the ratio, mass of pure 
compound/mass of internal standard, (mi/ms). 
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Calibration curve for Acrolein
y = 0,7892x
R2 = 0,9983
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
0,0 0,5 1,0 1,5 2,0mi / ms
Calibration curve for Acetaldehyde
y = 0,5182x
R2 = 0,9998
0,0
0,2
0,4
0,6
0,8
1,0
1,2
0,0 0,5 1,0 1,5 2,0m i / ms
 
Figure 2. 4. Calibration curve for Acrolein. 
      Figure 2. 5. Calibration curve for Acetaldehyde. 
 
 
Calibration curve for Propanal
y = 0,8199x
R2 = 0,9994
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4 1,6 1,8m i / ms
Calibration curve for Acetone
y = 0,7934x
R2 = 0,9997
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
0,0 0,5 1,0 1,5 2,0m i / ms
 
Figure 2. 6. Calibration curve for Propanal. 
      Figure 2. 7. Calibration curve for Acetone. 
 
 
Calibration curve for HPO
y = 0,4059x
R2 = 0,9973
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
0,0 0,5 1,0 1,5 2,0 2,5m i / ms
Calibration curve for Phenol
y = 1,5378x
R2 = 0,9972
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
1,6
1,8
0,0 0,2 0,4 0,6 0,8 1,0 1,2m i / ms
 
Figure 2. 8. Calibration curve for HPO. 
      Figure 2. 9. Calibration curve for Phenol.  
 
 
 
 
28 General Calculations 
 
Calibration curve for Glycerol
y = 0,3790x
R2 = 0,9986
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,0 0,5 1,0 1,5 2,0m i / ms
Calibration curve for Allylic Alcohol
y = 1,1663x
R2 = 0,9813
0,0
0,2
0,4
0,6
0,8
1,0
1,2
1,4
0,0 0,2 0,4 0,6 0,8 1,0 1,2m i / ms
 
Figure 2. 10. Calibration curve for Glycerol. 
Figure 2. 11. Calibration curve for alylic Alcohol. 
 
 
Calibration curve for Acetic Acid
y = 0,3434x
R2 = 0,9971
0,0
0,1
0,1
0,2
0,2
0,3
0,3
0,4
0,4
0,5
0,5
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4mi / ms
Calibration curve for Acrylic Acid
y = 0,3656x
R2 = 0,9890
0,0
0,1
0,2
0,3
0,4
0,0 0,5 1,0 1,5mi/ms
Ai
/A
s
 
Figure 2. 12. Calibration curve for Acetic Acid. 
Figure 2. 13. Calibration curve for Acrylic Acid. 
 
 
Calibration curve for Propionic Acid
y = 0,6347x
R2 = 0,9903
0,0
0,1
0,2
0,3
0,4
0,5
0,6
0,7
0,8
0,9
1,0
0,0 0,2 0,4 0,6 0,8 1,0 1,2 1,4mi / ms
 
Figure 2. 14. Calibration curve for Propionic Acid. 
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2.4.2 Determination of mass balances 
Two different mass balances can be determined: catalyst mass balance and liquid 
mass balance. 
2.4.2.1 Catalyst mass balance 
The catalyst mass balance is necessary to know if there is deposition of products 
or coke formation on the catalytic particles. It could be also helpful to determine the 
possible loss of catalytic weight during the reaction. The catalytic mass balance is the 
difference between the final and the initial catalytic mass. 
2.4.2.2 Liquid mass balance  
The liquid mass balance is necessary to determine if the evaporation of the 
products and by-products takes place. Acrolein and the most part of the by-products are 
compounds with a relative high vapor pressure and their tendency to evaporate is 
important. In order to avoid it, an effective cooling system has been installed (Annex 1). 
For this reason, it is important to determine if all the pumped glycerol solution, is 
recovered as a product, mostly acrolein solution, and side-products. Normally, a mass 
loss of 5 % can be accepted in the small lab scale unit due to several tasks during the 
collection of the product. 
 
The liquid mass balance can be determined. The input is the amount of the pumped 
glycerol solution, and the output, the addition of the collected product and the amount of 
sample. 
2.4.3 Determination of the conversion and the selectivity 
2.4.3.1 Determination of conversion 
The determination of the conversion in the dehydration of glycerol is related to the 
glycerol conversion. The definition of conversion, X, is the relation between the reacted 
amount of glycerol and the initial amount of glycerol. In terms of moles: 
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initial moles
reacted moles
)glycerol(o
)glycerol(t
)glycerol(o
)glycerol(t)glycerol(o
⋅








−=⋅=⋅=X   (2.19) 
 
The initial moles can be determined from the pumped mass of the glycerol 
solution. Normally, it is determined per unit of time. If the mass of pumped glycerol 
solution and the glycerol concentration in the solution are known, the initial moles per 
unit of time can be determined as: 
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weightmolecular  glycerol
ionconcentrat glycerol solution  glycerol pumped of mass
  n )glycerol(o
⋅
=  (2.20) 
 
The number of moles at the instant t, nglycerol(t), can be determined through the 
glycerol calibration curve as: 
 
       
(2.21) 
 
   
                         
(2.22)   
          
 
Where, m’glycerol(t) is the mass of glycerol at the instant t, obtained from the 
glycerol calibration curve, ms the mass of the standard, and Aglycerol/As is the ratio glycerol 
area / standard area. MP(total) (g) is the total mass of the collected product and MP(GC-glass) 
(g) is the mass of the collected product in the GC-glass at the instant t. 
2.4.3.2 Determination of selectivity 
The determination of the selectivity is related to the products of the reaction. In this 
case, the main product is acrolein, and the by-products are acetaldehyde, propanal, 
acetone, hydroypropanone (HPO), and phenol. For the pilot plant design, further by-
products were included, allylic alcohol, acetic acid, propionic acid and acrylic acid. The 
definition of selectivity of a product is the ratio between the formed moles of the 
component i at the instant t, ni(t), and the reacted moles of the reactant. The reacted 
moles of the reactant is the difference between the initial and instant-t moles, nglycerol(o) – 
nglycerol(t). 
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The moles number of the product i, is determined by: 
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Where mi(t) is the mass of the component i, obtained from the calibration curve, 
and Mr is the molecular weight. m’i(t) is the mass of the component i at the instant t, 
obtained from the chromatogram. For some of the components a correction in the 
selectivity has to be done due to the stoichiometry. It is the case of acetaldehyde (2 
carbon atoms of acetaldehyde per 3 carbon atoms of glycerol), and for phenol (6 carbon 
atoms of phenol per 3 carbon atoms of glycerol). The obtained selectivity with the 
equation (2.23) has to be corrected: for acetaldehyde by multiplying by 2/3, and for 
phenol by 2. All masses are calculated in grams (g). 
 
2.5 Kinetic 
2.5.1 Theoretical background13 
Plug flow reactor is a simplified and idealized picture of the motion of a fluid, 
whereby all the fluid elements move with a uniform velocity along parallel streamlines. 
This perfectly ordered flow is the only transport mechanism accounted for the model in 
the plug flow reactor. Because of the uniformity of conditions in a cross section, the 
steady-state continuity equation is a very simple ordinary differential equation. Indeed, 
the molar balance over a differential volume element for the reactant A involved in a 
single reaction may be written: 
 
dVrdNNN AAAA ⋅=−− )(     (2.25) 
  
By definition of conversion:  
 
( )AAA XNN −⋅= 10      (2.26) 
 
The continuity equation for A becomes: 
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rA: reaction rate of the component A (reactant) (kmol/m
3.s) 
XA: conversion of A 
V: volume of the catalytic bed (m3) 
NA0 = molar feed flow of the component A 
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The reaction, which was considered for the kinetic is: 
 
Glycerol  Acrolein + 2 Water 
 
Other reactions are possible, but their reaction mechanisms are still not clear. 
 
In the case of the dehydration of glycerol, the reaction is carried out in the 
presence of a solvent. The solvent starting material ratio is κ (moles solvent / moles 
glycerol). Furthermore, one mole of glycerol leads to three moles of products (1 mole 
acrolein + 2 moles water). The molar expansion factor δA = 2. For a feed of FA0 moles of 
glycerol per second, the flow rates in the reactor at a certain distance, where a 
conversion XA has been reached, may be written as: 
 
   Glycerol: NA0.(1-XA) 
   Products: NA0.(1+ δA)XA 
   Solvent: NA0.κ 
 
( )[ ]κδ +⋅++−⋅= AAAAT XXNN 110    (2.28) 
 
So that for the feed rate FT, the equation (2.29) is valid: 
 
( )κδ ++⋅= AAT NN 10    (2.29) 
 
While the mole fraction of glycerol consequently equals (1-XA)/(1+δA.XA+κ), and 
the concentration: 
 
( )
( ) TAA
A
A CX
XC ⋅
+⋅+
−
=
κδ1
1
    (2.30) 
 
The kinetic study involves the determination of the apparent order of the reaction, 
the kinetic constant k, and the activation energy Ea. 
 
There are some methods to determine the kinetic of a reaction. In this case, the 
Differential Method of Kinetic Analysis has been selected. 
 
Differential Method of Kinetic Analysis 
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The slope of the tangent at a curve XA versus Vcat / NA0 is the rate of the reaction 
of the component A at the conversion XA, as equation (2.27) shows. In the most general 
case, if the apparent order is n, the rate equation can be written as: 
 
n
AA Ckr ⋅=     (2.31) 
 
In logarithmic form is determined, 
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A straight line is obtained in a plot of log rA versus log((1-XA)/(1+δA.XA+κ)). The 
slope of this line is the apparent order, n, while the intercept on the ordinate yields the 
kinetic constant, k. 
 
For the determination of the activation energy Ea, experiments at three different 
temperatures were carried out. The activation energy can be determined by using the 
Arrhenius plot:  
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 −
⋅=    (2.33) 
 
A straight line is obtained in a plot ln(k) versus (1/T). The slope of this line yields 
the activation energy, Ea. R is the ideal gas constant and its value is 8,3144 kJ/kmol.K, 
and T the reaction temperature expressed in K. 
2.5.2 Experimentation 
The experiments were carried out at three different temperatures under the 
following conditions: 
 
Reaction: Dehydration of glycerol to acrolein 
Reactor: metal tube, 1 cm inlet diameter, approximately 13 cm length 
Catalyst: WO3/ZrO2 (Catalyst A) 
  Particle size: 1,0 – 0,5 mm 
Vcat = 4,5 ml. 
Mcat = 6,22 g. (approx. 4,5 ml) 
FO2 = 0 ml/min (no oxygen was used for the kinetics studies) 
Cglycerol = 20 % (aqueous solution) 
Pressure = 1 bar 
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Reaction temperatures: 235, 240, 245 °C 
2.5.2.1 Determination of the reaction rate equation 
The results are represented in Table 2. 14. The reaction was carried out at three 
different temperatures, 235, 240, and 245 °C. For every temperature, a set of 
experiments was carried out. For these experiments, several feed flow rates were used to 
get the dependence of XA versus Vcat/Nglycerol). 
 
Table 2. 14. Results for the kinetic at three different temperatures. 
 
The acrolein and by-products selectivity are also shown in the Table 2. 14. In this 
range of feed flows and temperatures, the acrolein selectivity remains between 60 – 72 
%. The selectivity of the by-products remains under 1 %. 
 
In the next chapter, a thorough study is described to determine the influence of 
different parameters, such as feed flow, glycerol concentration, oxygen flow and 
temperature. However, some preliminary conclusions about the selectivity data for 20 % 
w/w of glycerol concentration can be drawn from the kinetic study: 
 
- In this range of temperature, (235 – 245 °C), and in absence of oxygen, no 
acetaldehyde is formed. In experiments carried out at 260 – 320 °C, and in 
some of them in presence of oxygen, higher acetaldehyde formation was found 
(see next chapter, section 3, Design of Experiments using WO3/ZrO2 catalyst). 
 
T 
(°C) 
Fg     
(g/h) 
Nglycerol 
(kmol/s) 
Vcat/Nglycerol 
(m3.s/kmol) 
X (%) 
SAcroleine 
(%) 
SAcetaldehyde 
(%) 
SPropanal 
(%) 
SAcetone 
(%) 
SHPO                
(%) 
SPhenol 
(%) 
235 20,65 6,23E-08 7,22E+01 52,41 67,19 0,00 0,31 0,00 0,00 0,67 
235 25,25 7,62E-08 5,91E+01 40,89 63,58 0,00 0,25 0,00 0,00 0,57 
235 15,95 4,81E-08 9,35E+01 69,72 65,06 0,00 0,44 0,10 0,20 0,54 
240 20,14 6,08E-08 7,41E+01 71,27 65,28 0,00 0,38 0,00 0,00 0,26 
240 22,17 6,69E-08 6,73E+01 58,86 66,28 0,00 0,34 0,00 0,00 0,76 
240 24,84 7,49E-08 6,01E+01 44,29 60,66 0,00 0,28 0,11 0,00 0,88 
240 18,32 5,52E-08 8,14E+01 84,27 72,60 0,00 0,52 0,00 0,00 0,57 
245 20,12 6,07E-08 7,41E+01 86,53 70,61 0,15 0,47 0,05 0,00 0,33 
245 22,23 6,71E-08 6,71E+01 67,80 63,72 0,04 0,39 0,00 0,37 0,43 
245 23,37 7,05E-08 6,38E+01 56,66 66,26 0,00 0,38 0,00 0,00 0,51 
245 21,00 6,33E-08 7,10E+01 76,72 59,70 0,00 0,39 0,04 0,00 0,59 
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- The temperature seems to play an important role in the propanal formation. At 
235 – 245 °C, lower propanal selectivity is obtained than at 260 – 320 °C. 
 
- At temperatures between 260 – 320 °C, negligible formation of phenol was 
observed. However, at 235 – 245 °C, the formation of phenol increases. 
 
- For the formation of HPO and acetone, the temperature seems not to play a 
significant role. 
Going on with the kinetic study, by plotting the conversion X versus Vcat/Fglycerol, 
for each temperature: 
Dehydration of Glycerol. Determination of rglycerol = f(Vcat/Nglycerol)                               
at different temperatures (235, 240, 245 °C)
y = -1,82E-03x2 + 1,11E+00x - 1,86E+01
R2 = 1,00E+00
y = -8,95E-03x2 + 3,13E+00x - 1,12E+02
R2 = 1,00E+00
y = -2,11E-02x2 + 5,74E+00x - 2,23E+02
R2 = 9,94E-01
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Figure 2. 15. Dehydration of glycerol. Determination of the reaction rate at three different 
temperatures. 
In Figure 2. 15, the higher the glycerol flow, the lower is the glycerol conversion. 
By working at 245 °C, the glycerol conversion is higher than at 235 °C. This tendency 
was expected due to the thermodynamic of the reaction. The dependence of the 
conversion with the glycerol feed flow, for the three temperatures, is shown in Table 2. 
15: 
 
Table 2. 15. Dependence of the conversion with the glycerol feed flow. 
T (°C) Equation Xg = f(Vcat/Nglycerol) 
235 Xg = -1,82E-03.(Vcat/Nglycerol)
2 + 1,11.(Vcat/Nglycerol) - 1,86E+01 
240 Xg = -8,95E-03.(Vcat/Nglycerol)
2 + 3,13.(Vcat/Nglycerol) - 1,12E+02 
245 Xg = -2,11E-02.(Vcat/Nglycerol)
2 + 5,47.(Vcat/Nglycerol) - 2,23E+02 
 
 
To get the dependence of the reaction rate with the glycerol feed flow, as shown 
in the equation (2.27), the three equations shown above have to be derived: 
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2.5.2.2 Determination of the kinetic constant k and the apparent order n 
It is necessary to calculate some previous parameters to determine the kinetic 
constant and the apparent order: 
 
Determination of κ, δ , and CT: 
Determination of δ: It is the expansion molar coefficient. The influence of δ in the 
equation (2.32) is not very significant. One mole of glycerol leads to three moles 
of products (1 mole acrolein + 2 moles water). The molar expansion factor δA = 2 
Determination of κ: It is the ratio moles of solvent / moles of glycerol. 
In the reaction, an aqueous glycerol solution was used as feed. The concentration 
of this solution was 20 % (w/w). For the determination of κ, the following formula was 
used: 
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Determination of the molar concentration CT: It is the total concentration of 
glycerol at a certain temperature. It can be calculated by using the ideal gas equation. At 
1 bar and with species of low molecular weight, the supposition of the ideal gas behavior 
is accepted. 
TR
PCT
⋅
=     (2.36) 
 
Where R = 8314,4 J/kmol.K, P is the pressure of the system and T the reaction 
temperature. All constants can be substituted in the equation (2.32). By plotting log rA 
versus log((1-XA)/(1+δA.XA+κ)) for each temperature, a straight line should be obtained 
to determine the apparent order, n, and the kinetic constant, k. 
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The results of this plot are shown in Table 2. 16, and Figure 2. 16, Figure 2. 17 
and Figure 2. 18: 
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Table 2. 16. Determination of the kinetic constant k and the apparent order n. 
T 
(°C) 
((1-X)/(1+δ.X+κ)) 
rglycerol 
(kmol/s.m3) 
CT = P/RT 
(kmol/m3) 
0,1100 0,8471 
0,1163 0,8949 235 
0,1007 0,7695 
5,12E-02 
0,0999 1,8044 
0,1065 1,9253 
0,1144 2,0549 
240 
0,0932 1,6721 
5,01E-02 
0,0920 2,6114 
0,1018 2,9084 
0,1077 3,0457 
245 
0,0971 2,7422 
4,91E-02 
 
Dehydration of Glycerol. T = 235 °C. Determination of the reaction order "n" 
and the kinetic constant "k"
y = 1,0560x + 0,9392
R2 = 0,9992
-0,12
-0,10
-0,08
-0,06
-0,04
-0,02
0,00
-1,00 -0,99 -0,98 -0,97 -0,96 -0,95 -0,94 -0,93
Log ((1-X)/(1+δX+κ))
Lo
g(r
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Figure 2. 16. Determination of the kinetic constant k and reaction order at 235 °C. 
 
Dehydration of Glycerol. T = 240 °C. Determination of the reaction order "n" 
and the kinetic constant "k"
y = 1,0057x + 1,2611
R2 = 0,9982
0,20
0,24
0,28
0,32
-1,04 -1,03 -1,02 -1,01 -1,00 -0,99 -0,98 -0,97 -0,96 -0,95 -0,94 -0,93
Log ((1-X)/(1+δX+κ))
Lo
g(r
g)
 
Figure 2. 17. Determination of the kinetic constant k and reaction order at 240 °C. 
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Dehydration of Glycerol. T = 245 °C. Determination of the reaction order "n" 
and the kinetic constant "k"
y = 1,0017x + 1,4545
R2 = 0,9938
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Figure 2. 18. Determination of the kinetic constant k and reaction order at 245 °C. 
In the slopes of the Figure 2. 16 - Figure 2. 18, the apparent reaction order is one 
for the three temperatures. The results are summarized in Table 2. 17: 
 
Table 2. 17. Kinetic constant and reaction order for the three temperatures. 
Temperature (°C) 235 240 245 
Slope = n 1,0560 1,0057 1,0017 
Intercept on ordinate 0,9392 1,2511 1,4545 
CT = P/RT (kmol/m
3) 5,12E-02 5,01E-02 4,91E-02 
k (s-1) 200,6 361,9 583,1 
 
In case of an apparent reaction order of one is assumed, the formula permits to 
check the constancy of k with the equation (2.32). The results are shown in Table 2. 18: 
 
Table 2. 18. Recalculation of the kinetic constant for the three temperatures. 
T 
(°C) 
X 
(%) 
rglycerol 
(kmol/s.m3) 
Log (((1-X)/(1+δ.X+κ))) Log(rglycerol) log(k) 
k      
(s-1) 
52,41 0,8471 -0,9587 -0,0721 2,3035 201,1 
40,89 0,8949 -0,9345 -0,0482 2,3018 200,4 235 
69,72 0,7695 -0,9968 -0,1138 2,3020 200,5 
71,27 1,8044 -1,0003 0,2563 2,5698 371,4 
58,86 1,9253 -0,9726 0,2845 2,5701 371,6 
44,29 2,0549 -0,9415 0,3128 2,5672 369,1 
240 
84,27 1,6721 -1,0306 0,2233 2,5672 369,2 
86,53 2,6114 -1,0361 0,4169 2,7659 583,3 
67,80 2,9084 -0,9925 0,4637 2,7690 587,5 
56,66 3,0457 -0,9678 0,4837 2,7644 581,3 
245 
76,72 2,7422 -1,0128 0,4381 2,7639 580,6 
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For each temperature, the recalculated kinetic constant is approximately constant 
(Table 2. 18). This demonstrates that the apparent reaction order is one (rg = k.Cg). At 
235 °C, k = 200,6 s-1, at 240 °C, k = 370,3 s-1, and at 245 °C, k = 583,2 s-1. As 
expected, the kinetic constant increases with the temperature. 
2.5.2.3 Determination of the Activation Energy Ea 
The next and last step of the kinetic study is the determination of the activation 
energy. An Arrhenius plot of ln(k) versus the inverse of the temperature, 1/T, can 
provide the activation energy. The values of ln(k) are the average of the values shown in 
the Table 2. 18. The results are summarized in Table 2. 19 and Figure 2. 19: 
 
Table 2. 19. Determination of the Activation Energy. Arrhenius plot. 
T (°C) ln(k) 
235 5,3015 
240 5,9144 
245 6,3700 
 
Dehydration of Glycerol. Determination of the Activation Energy
y = -28143,7575x + 60,7105
R2 = 0,9937
4,0
4,8
5,6
6,4
7,2
1,90E-03 1,92E-03 1,94E-03 1,96E-03 1,98E-03 2,00E-03
1/T (K-1)
Ln
(k)
 
 
Figure 2. 19. Determination of the Activation Energy. Arrhenius plot. 
The obtained slope is, Ea/R = 28143,8 K, where R is expressed in J/kmol.K and Ea 
in J/kmol. This leads to a pre-exponential term Ao = 2,32.1026, and an activation energy 
of Ea = 2,34.10
5 kJ/kmol (Figure 2. 19). This is the minimum energy necessary for the 
dehydration of glycerol to occur. The Arrhenius equation allows the determination of the 
kinetic constant, k, at every temperature: 
 






−
⋅= RTEXPk
5
26 10.34,210.32,2   (2.37) 
 
 In this equation R = 8,3144 kJ/kmol.K. 
 
40 General Calculations 
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3 Chapter 3. Laboratory Plant 
3.1 Description of the process steps 
The flow diagram of the lab scale unit is illustrated in Figure 3. 1. Furthermore, 
Picture 3. 1 shows the photograph of the apparatus with its equipment.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3. 1. Flux diagram of the process. 
 
 
 
Picture 3. 1. Lab scale process. 
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The apparatus for the dehydration of glycerol has the following equipment: 
 
- Pumping system: The glycerol solution is pumped into the reactor. The 
solution is placed on a balance to register the amount of solution, which is 
pumped into the reactor. 
 
- By-pass: A by-pass system is also installed. With a 3-way-valve, the glycerol 
solution coming from the pump can be directed into the reactor or redirected 
into the glycerol solution flask. This is useful when the concentration of the 
glycerol solution has to be changed, and the pump and the conductions have 
to be cleaned and filled with the new solution. 
 
- Oxygen addition: For this reaction, a certain amount of oxygen is advisable. 
An oxygen tank is placed beside the set up, and by means of a mass flow 
controller, the amount of oxygen introduced in the reactor can be registered 
and controlled. The oxygen amount is introduced into the glycerol solution line 
through a T piece. A check valve has been installed to avoid that possible 
condensed gases damage the mass flow controller. The mass flow controller 
has a working range of 0 – 25 ml/min, an operation pressure of 4 bar, and a 
maximal working pressure of 100 bar. 
 
- Reaction: the reaction takes place in a catalyst fix bed, which is placed in a 
steel tube, heated up by an oven with a heat homogenization system to assure 
the heat homogenization. 
 
- Cooling, collecting and sampling system: the gaseous products coming 
out from the reactor are condensed. The liquid is collected in a double-coated 
flask. A sample can be taken for the analysis, or the condensate can be 
transferred to the product flask. A second scale is used to register the 
collected amount of liquid product. In this way, a total mass balance could be 
made between the pumped amount of glycerol and the collected amount of the 
reaction mixture. 
 
- Analysis: The method of analysis is the gas chromatography.  
 
The method formerly carried out by Dr. Duquenne, from our group, was based on 
the collection of the reaction gases coming out of the reactor in a cooling finger, which is 
placed into ice water. This system had three disadvantages: 
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- It was not possible to carry out the reaction overnight due to the cooling 
method. Continuous addition of ice into the flask was required. 
 
- It was not possible to carry out a continuous sampling of the reaction 
mixture. The finger was a closed system, so that, to take a new sample, it 
was necessary to stop the reaction for a moment. 
 
- The sampling method enabled high acrolein exposure to the air, which 
might be dangerous for the operator. 
 
The description of the equipment of the process and the new cooling and sampling 
system is described in Annex 1. 
 
3.2 Determination of the limitation step of the reaction14 
The apparent speed of a reaction can depend on individual speed rates of several 
steps of the micro-kinetic, chemical reaction, internal mass transfer and external mass 
transfer. It is important to determine the experimental conditions, which eliminate or 
minimize the existence of such mass transfer phenomena. If these processes take place 
during the reaction, diffusion problems will be present, so that less favorable 
concentration profiles will appear along the catalytic bed. 
3.2.1 External Mass Transfer 
There are several methods to determine the existence of these problems. Some 
correlations can be found in the literature. However, it is more preferable to determine 
experimentally the possible existence of external diffusion limitations. 
 
These experiments consist in the variation of the mass flow of the gas, G, in a 
catalytic bed, by keeping constant the particle size of the catalyst. By changing G, the 
linear velocity of the gas, is also modified. In a plug flow reactor with a constant section, 
the retention time is kept constant, which also means, the spatial velocity is kept 
constant. From one to another experiment the volume of the catalytic bed and the gas 
flow are proportionally changed. If the conversion does not change, it can be concluded, 
that the external transfers do not limit the apparent speed. This can be observed in the 
Figure 3. 2: 
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Figure 3. 2. Experiments to determine the existence of external diffusion limitations. 
In this way, similar experiments were carried out in the lab scale apparatus to 
determine if the external diffusion controls the apparent speed. The reaction conditions 
and the results of the experiments carried out are shown in Table 3. 1 and Figure 3. 3: 
 
Table 3. 1. Dehydration of glycerol. Determination of possible external diffusion limitations. 
T (°C) = 260 
F (O2) (ml/min) = 0 
Cg (%) = 20 
 
Vcat (ml) mcat (g) Fg (g/h) Conversion (%) 
4,5 6,37 15 70,4 
6,0 8,91 20 65,0 
9,0 13,12 30 70,9 
 
External Transfer Limitations: Catalyst A (WO3/ZrO2)                           
T = 260 °C, Cg = 20 %, Fo2 = 0 ml/min.  
70,4 65,0 70,9
0
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100
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Figure 3. 3. Dehydration of glycerol. Determination of possible external diffusion limitations. 
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In the Figure 3. 3, no external diffusion limitations are present in the studied 
experiments. The conversion remains constant around 70 % by changing the feed flow. 
The difference observed at 20 g/h, where 65 % conversion was found, is due to 
experimental errors. It means that no external diffusion limitations were found between 
15 - 30 g/h of glycerol solution flow, and the change of the corresponding catalyst 
volumes. The range of study was limited at 9 ml catalyst by the reactor size.  
3.2.2 Internal Mass Transfer 
For this study, also some experiments were carried out to determine if internal 
diffusion limitations are present. Thereby, the particle size is reduced, by keeping 
constant the contact time. That means, by using a glycerol solution flow (Fg) and 
catalytic bed volume (V), where no external diffusion limitations take place. Again, if the 
conversion is constant, no internal diffusion limitations are present and the internal 
transfers do not limit the apparent speed. This can be observed in Figure 3. 4: 
 
 
 
 
 
 
 
     
  
 
 
 
 
 
Figure 3. 4. Experiments to determine the existence of internal diffusion limitations. 
 
In this way, similar experiments were carried out. The results can be seen in Table 
3. 2 and Figure 3. 5: 
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Table 3. 2. Dehydration of glycerol. Determination of possible internal diffusion limitations. 
T (°C) = 260 
F (O2) (ml/min) = 0 
Fg (g/h) = 15 
Cg (%) = 20 
Vcat (ml) = 4,5 
 
dp (mm) 1/dpm (mm
-1) mcat (g) Conversion (%) 
1,6 - 1,4 0,67 6,38 53,2 
1,4 - 1,0 0,83 6,32 54,9 
1,0 - 0,5 1,33 6,15 82,6 
0,5 - 0,2 2,86 5,90 57,1 
 
Internal Transfer Limitations: Catalyst A (WO3/ZrO2)                             
T = 260 °C, Cg = 20 %, Fo2 = 0 ml/min.  
53,2 54,9
82,6
57,1
0
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60
70
80
90
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Figure 3. 5. Dehydration of glycerol. Determination of possible internal diffusion limitations.  
In the Figure 3. 5, it can be observed that by using catalytic particle sizes bigger 
than 1 mm, internal diffusion limitations take place during the reaction. The difference in 
the obtained conversion is clear. The experiment with catalytic particles between 0,5 – 
0,2 mm showed a decrease in the conversion from 82,6 to 57,1 %. Theoretically, by 
using a particle size between 0,5 – 0,2 mm the conversion should be around 82 – 83 % 
or higher. However, due to the small particle range used in the lab scale apparatus, the 
reactor was blocked during this experiment, so that the obtained conversion does not 
show the real value. Due to this circumstance, it was decided to work with catalytic 
particle sizes between 1,0 – 0,5 mm. 
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It is also important to mention that two different lots of the catalyst A WO3/ZrO2 
were tested to determine possible differences between them. The results showed no 
significant differences between these two charges. 
 
Another way to determine the existence of mass transfer limitations consists in 
carrying out experiments also at un-complete glycerol conversion15. By plotting a 
reaction rate parameter, for example the glycerol conversion versus the inverse of the 
reaction temperature, the absence of mass transfer limitations will be illustrated by a 
single and constant slope (slope A, Figure 3. 6). If mass transfer limitations are present, 
different slopes in such representation will be observed, both concerning to the internal 
and external diffusion problems (slopes B and C respectively). 
 
Figure 3. 6. Determination of mass transfer limitations. 
Furthermore, the absence of mass transfer limitations can be also determined by 
checking if at lower conversions, the obtained selectivity for the products is the same as 
obtained at complete conversion. 
 
In these experiments, it is necessary to carry out the reaction at such conditions, 
so that an un-complete conversion is obtained. For example, by increasing the glycerol 
solution flow and/or by decreasing the reaction temperature. 
 
Experiments at different temperatures with following reaction conditions were 
carried out. The results are shown in Figure 3. 7 - Figure 3. 11. In these diagrams, the 
glycerol conversion and the acrolein selectivity are represented on the left Y-axis, and 
the selectivity of the by-products on the right Y-axis.  
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Catalyst: Catalyst A (WO3/ZrO2) 
Catalytic particle size: 1,0 – 0,5 mm (Crushed from 3x3 mm pellets) 
Volume of the catalytic bed (Vcat): 4,5 ml  
Mass of the catalytic bed: 6,22 g. 
  Glycerol concentration (Cg): 20 % 
  Glycerol solution flow (Fg): 20 g/h 
  Oxygen flow (FO2): 0 ml/min 
  Temperatures: 260, 250, 245, 240, 235 °C 
  Calcination temperature (Tcalc): unknown 
DOE 33 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 20 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 7. Determination of possible diffusion limitations. T = 260 °C. 
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DOE 35 (1,0 - 0,5): T = 250 °C, Vcat. = 4,5 ml, Fg = 20 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 8. Determination of possible diffusion limitations. T = 250 °C. 
 
DOE 38 (1,0 - 0,5): T = 245 °C, Vcat. = 4,5 ml, Fg = 20 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 9. Determination of possible diffusion limitations. T = 245 °C. 
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DOE 36 (1,0 - 0,5): T = 240 °C, Vcat. = 4,5 ml, Fg = 20 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 10. Determination of possible diffusion limitations. T = 240 °C. 
 
DOE 37 (1,0 - 0,5): T = 235 °C, Vcat. = 4,5 ml, Fg = 20 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
0
10
20
30
40
50
60
70
80
90
100
0 5 10 15 20 25 30
Pure glycerol amount (g)
X,
 
Sac
ro
le
in  
 
 
(%
)
0
5
10
15
20
25
Sb
y-
pr
o
du
ct
s
 
 
 
(%
)
Conversion
Acrolein
Acetaldehyde
Propanal
Acetone
HPO
Phenol
 
Figure 3. 11. Determination of possible diffusion limitations. T = 235 °C. 
 
 The overall results are represented in Table 3. 3: 
 
 
Laboratory Plant                                                                                                     51 
Table 3. 3. Mass transfer limitation. 
  
 
 
 
 
 
 
In the Table 3. 3, at un-complete glycerol conversion, the acrolein selectivity 
remains between 60 – 70 %, exactly like at complete glycerol conversion. This shows an 
evidence of the absence of mass transfer limitations. 
 
By plotting the glycerol conversion versus the inverse of the temperature: 
Dehydration of Glycerol: Determination of possible mass transfer limitations
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Figure 3. 12. Determination of possible mass transfer limitations. 
In Figure 3. 12, it can be observed, that at 260 and 250 °C there is still complete 
glycerol conversion, but at lower temperatures, the glycerol conversion decreases in a 
linear way (single constant slope) versus the inverse of the temperature. That means the 
absence of mass transfer limitations. This effect can be better observed in Figure 3. 13, 
where the points of the right part of the Figure 3. 12 are represented: 
T 
(°C) 
1/T       
(K-1) 
Fg     
(g/h) 
Cg     
(%) 
FO2 
(ml/min) 
Conversion 
(%) 
SAcrolein 
(%) 
235 1,97E-03 20,00 20 0 54,39 67,10 
240 1,95E-03 20,00 20 0 71,27 65,28 
245 1,93E-03 20,00 20 0 82,04 70,61 
250 1,91E-03 20,00 20 0 98,29 59,74 
260 1,88E-03 20,00 20 0 98,36 66,16 
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Dehydration of Glycerol: Determination of possible mass transfer limitations
y = -781950x + 1594,2
R2 = 0,9951
0
10
20
30
40
50
60
70
80
90
100
1,90E-03 1,91E-03 1,92E-03 1,93E-03 1,94E-03 1,95E-03 1,96E-03 1,97E-03 1,98E-03
1/T (K-1)
X 
(%
)
 
Figure 3. 13. Determination of possible mass transfer limitations. 
 
3.3 Design of Experiments using WO3/ZrO2 catalyst 
3.3.1 Producing the data base 
Since WO3/ZrO2 of (Catalyst A) is the best catalyst so far, this one has been 
investigated deeply to determine the optimal conditions, such as temperature, glycerol 
concentration, glycerol solution flow and oxygen flow, a number of experiments were 
carried out with the statistical program Design Expert Version 5.0.816. 
 
The general conditions for all these experiments are: 
 
  Reactor: metal tube (1 cm inlet diameter, 13 cm length) 
Catalyst: Catalyst A (WO3/ZrO2) 
Catalytic particle size: 1,0 – 0,5 mm (Crushed from 3x3 mm pellets) 
Volume of the catalytic bed (Vcat): 4,5 ml 
Mass of the catalytic bed: 6,22 g 
Calcination temperature (Tcalc): unknown 
 
This program allows the analysis and optimization of the reaction conditions. It is 
necessary to introduce a maximum and a minimum value of the different parameters. 
The program gives a certain number of experiments, according to the extreme values 
given to the program. After the experiments, optimal parameter values are supposed to 
be computed. 
 
In this case, the parameters to be studied and their maximal and minimal values 
are presented in Table 3. 4: 
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Table 3. 4. Parameters ranges for Design of Experiments 
Parameter Maximal Value Minimal Value 
Reaction Temperature (°C) 300 260 
Glycerol Concentration (%) (w/w) 50 20 
Glycerol Solution Flow (g/h) 16 5,5 
Oxygen Flow (ml/min) at 20 °C 5,5 0 
 
Introducing these parameters and their maximum and minimum values into the 
program, the number of experiments to be carried out and the conditions given by the 
program are shown in Table 3. 5: 
 
Table 3. 5. Parameters and conditions. 
Experiment 
DOE Nr. 
Type of 
point 
Temperature         
(°C) 
Glycerol 
Solution 
Flow (g/h) 
Glycerol 
Concentration 
(%) 
Oxygen 
Flow 
(ml/min) 
1 Factorial 260 5,5 20 5,5 
2 Factorial 300 5,5 20 5,5 
3 Factorial 300 5,5 20 0,0 
4 Factorial 260 5,5 20 0,0 
5 Factorial 260 16,0 20 5,5 
6 Factorial 300 16,0 20 5,5 
7 Factorial 300 16,0 20 0,0 
8 Factorial 260 16,0 20 0,0 
9 Center 280 10,75 35 2,75 
10 Center 280 10,75 35 2,75 
11 Center 280 10,75 35 2,75 
12 Center 280 10,75 35 2,75 
13 Center 280 10,75 35 2,75 
14 Center 280 10,75 35 2,75 
15 Axial 240 10,75 35 2,75 
16 Axial 320 10,75 35 2,75 
17 Axial 280 10,75 35 0,0 
18 Axial 280 10,75 35 8,25 
19 Axial 280 21,25 35 2,75 
20 Factorial 260 5,5 50 5,5 
21 Factorial 300 5,5 50 5,5 
22 Factorial 300 5,5 50 0,0 
23 Factorial 260 5,5 50 0,0 
24 Factorial 260 16,0 50 5,5 
25 Factorial 300 16,0 50 5,5 
26 Factorial 300 16,0 50 0,0 
27 Factorial 260 16,0 50 0,0 
28 Axial 280 10,75 65 2,75 
29 Axial 280 10,75 5 2,75 
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All these experiments were carried out under the explosion levels and the glycerol 
solution was completely evaporated. After these experiments have been carried out, it is 
necessary to introduce the number of responses, which have to be optimized, or taken in 
account for the analysis and optimization. In this case, the glycerol conversion, acrolein 
selectivity and the selectivity of each identified by-product have to be considered as 
responses. 
3.3.2 Design Expert. Experiments 
After introducing the values of the responses of all experiments, the program is 
able to give a solution, in form of equations, in which the parameters appear to optimize 
the responses: complete conversion, highest acrolein and lowest by-products selectivity. 
 
The results of the experiments corresponding to the Design of Experiments (DOE 
1 – DOE 29) carried out are shown in the next diagrams (Figure 3. 14 - Figure 3. 42). In 
these diagrams, the glycerol conversion and the acrolein selectivity are represented on 
the left Y-axis, and the selectivity of the by-products on the right Y-axis.  
DOE 1 (1,0 - 0,5) Repetition: T = 260 °C, V cat. = 4,5 ml, Fg = 5,5 g/h, Cg = 20 %, Fo2 = 5,5 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 14. DOE 1. Variation of conversion and selectivity with the glycerol amount. 
Laboratory Plant                                                                                                     55 
DOE 2 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 5,5 g/h, Cg = 20 %, Fo2 = 5,5 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 15. DOE 2. Variation of conversion and selectivity with the glycerol amount. 
DOE 3 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 5,5 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 16. DOE 3. Variation of conversion and selectivity with the glycerol amount. 
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DOE 4 (1,0 - 0,5): T = 260 °C, V cat. = 4,5 ml, Fg = 5,5 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 17. DOE 4. Variation of conversion and selectivity with the glycerol amount. 
DOE 5 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 5,5 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 18. DOE 5. Variation of conversion and selectivity with the glycerol amount. 
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DOE 6 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 5,5 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 19. DOE 6. Variation of conversion and selectivity with the glycerol amount. 
DOE 7 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 0 ml/min. Cataylst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 20. DOE 7. Variation of conversion and selectivity with the glycerol amount. 
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DOE 8 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 21. DOE 8. Variation of conversion and selectivity with the glycerol amount. 
DOE 9 (1,0 - 0,5) Repetition: T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 
ml/min. Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the 
glycerol amount. 
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Figure 3. 22. DOE 9. Variation of conversion and selectivity with the glycerol amount. 
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DOE 10 (1,0 - 0,5): T = 280 °C, V cat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 23. DOE 10. Variation of conversion and selectivity with the glycerol amount. 
DOE 11 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 24. DOE 11. Variation of conversion and selectivity with the glycerol amount. 
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DOE 12 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 25. DOE 12. Variation of conversion and selectivity with the glycerol amount. 
DOE 13 (1,0 - 0,5) Repetition: T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 
ml/min. Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the 
glycerol amount. 
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Figure 3. 26. DOE 13. Variation of conversion and selectivity with the glycerol amount. 
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DOE 14 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 27. DOE 14. Variation of conversion and selectivity with the glycerol amount. 
DOE 15 (1,0 - 0,5): T = 240 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 28. DOE 15. Variation of conversion and selectivity with the glycerol amount. 
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DOE 16 (1,0 - 0,5): T = 320 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 29. DOE 16. Variation of conversion and selectivity with the glycerol amount. 
DOE 17 (1,0 - 0,5): T = 280 °C, V cat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 0 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 30. DOE 17. Variation of conversion and selectivity with the glycerol amount. 
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DOE 18 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 35 %, Fo2 = 8,25 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 31. DOE 18. Variation of conversion and selectivity with the glycerol amount. 
DOE 19 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 21,25 g/h, Cg = 35 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 32. DOE 19. Variation of conversion and selectivity with the glycerol amount. 
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DOE 20 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 5,5 g/h, Cg = 50 %, Fo2 = 5,5 ml/min.  
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 33. DOE 20. Variation of conversion and selectivity with the glycerol amount. 
DOE 21 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 5,5 g/h, Cg = 50 %, Fo2 = 5,5 ml/min.  
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 34. DOE 21. Variation of conversion and selectivity with the glycerol amount. 
 
 
Laboratory Plant                                                                                                     65 
DOE 22 (1,0 - 0,5): T = 300 °C, V cat. = 4,5 ml, Fg = 5,5 g/h, Cg = 50 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 35. DOE 22. Variation of conversion and selectivity with the glycerol amount. 
 
DOE 23 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 5,5 g/h, Cg = 50 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 36. DOE 23. Variation of conversion and selectivity with the glycerol amount. 
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DOE 24 (1,0 - 0,5): T = 260 °C, V cat. = 4,5 ml, Fg = 16 g/h, Cg = 50 %, Fo2 = 5,5 ml/min.   
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 37. DOE 24. Variation of conversion and selectivity with the glycerol amount. 
 
DOE 25 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 50 %, Fo2 = 5,5 ml/min.    
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 38. DOE 25. Variation of conversion and selectivity with the glycerol amount. 
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DOE 26 (1,0 - 0,5): T = 300 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 50 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 39. DOE 26. Variation of conversion and selectivity with the glycerol amount. 
 
DOE 27 (1,0 - 0,5): T = 260 °C, Vcat. = 4,5 ml, Fg = 16 g/h, Cg = 50 %, Fo2 = 0 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 40. DOE 27. Variation of conversion and selectivity with the glycerol amount. 
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DOE 28 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 65 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 41. DOE 28. Variation of conversion and selectivity with the glycerol amount. 
 
DOE 29 (1,0 - 0,5): T = 280 °C, Vcat. = 4,5 ml, Fg = 10,75 g/h, Cg = 5 %, Fo2 = 2,75 ml/min. 
Catalyst A (WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol 
amount. 
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Figure 3. 42. DOE 29. Variation of conversion and selectivity with the glycerol amount. 
 
To have a better overview of the obtained results, diagrams “response” versus 
“DOE”, can be plotted (Figure 3. 43 - Figure 3. 49): 
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Variation of Glycerol conversion with DOE
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Figure 3. 43. Variation of glycerol conversion with DOE. 
Variation of ACROLEIN selectivity with DOE
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Figure 3. 44. Variation of acrolein selectivity with DOE. 
Variation of ACETALDEHYDE selectivity with DOE
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Figure 3. 45. Variation of acetaldehyde selectivity with DOE. 
Variation of PROPANAL selectivity with DOE
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Figure 3. 46. Variation of propanal selectivity with DOE. 
Variation of ACETONE selectivity with DOE
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Figure 3. 47. Variation of acetone selectivity with DOE. 
Variation of HPO selectivity with DOE
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Figure 3. 48. Variation of HPO selectivity with DOE. 
Variation of PHENOL selectivity with DOE
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Figure 3. 49. Variation of phenol selectivity with DOE. 
From these diagrams, some previous conclusions can be obtained: 
 
- Glycerol conversions between 75 – 100 % can be obtained. From the Figure 3. 
43 and the Table 3. 5, un-complete conversion of glycerol was found when: 
 
o a glycerol concentration of 50 % or 65 % with a feed flow of 16 g/h is 
used (DOE 24 – DOE 28). However, when a 50 % glycerol 
concentration with a feed flow of 5,5 g/h is used, the glycerol 
conversion is complete (DOE 20 – DOE 23) 
 
o the temperature is 240 °C (DOE 15) or the feed flow is very high, 
21,25 g/h (DOE 19) 
 
- Acrolein selectivity between 60 – 80 % can be achieved. This shows that the 
desired reaction, the dehydration from glycerol to acrolein, takes place as the 
main reaction. From the Figure 3. 44 and the Table 3. 5: 
 
o The acrolein selectivity is higher than 60 % when glycerol 
concentrations =< 35 % are used (DOE 1 – DOE 19), with the 
exception of DOE 15, where the temperature was 240 °C and only 37 
% selectivity was found. 
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o By using glycerol concentrations of 50 % or 65 %, the acrolein 
selectivity was lower than 60 % (DOE 20 – DOE 24). With 50 % 
glycerol concentration, only when the temperature is around 300 °C 
and the feed flow 16 g/h, 60 % acrolein selectivity can be reached 
(DOE 25, DOE 26). In DOE 27, similar conditions are used, but at 260 
°C, which demonstrates that the effect of the feed flow play a more 
important role at these levels of glycerol concentrations than the 
temperature. In this case, 61 % of acrolein selectivity was found. 
 
o A glycerol concentration of 5 % achieves high acrolein selectivity, 78 
%, (DOE 29). However, such diluted glycerol solutions are economically 
not profitable. 
 
- The selectivity of acetaldehyde ranges between 0,13 – 7,5 %. From the Figure 
3. 45 and the Table 3. 5 can be concluded: 
 
o The combination of temperatures between 300 - 320 °C and the 
presence of oxygen achieves high formation of acetaldehyde (DOE 2, 
DOE 6, DOE 16 and DOE 21). The opposite effect was found when 
temperatures between 240 – 260 °C and no oxygen were used (DOE 8, 
DOE 15 and DOE 27). At 280 °C and using 2,75 ml/min of oxygen (DOE 
19) a low formation of acetaldehyde was found. However, the feed flow 
in this experiment was high, 21,25 g/h, which means, low residence 
time. This could mean that the formation of acetaldehyde occurs 
through secondary routes. 
 
- The selectivity of propanal ranges between 0,56 – 2,54 %. From the Figure 3. 
46 and the Table 3. 5 can be concluded: 
 
o The formation of propanal is preferred at low feed flows (5,5 g/h) and 
in absence of oxygen (DOE 3, DOE 4, DOE 22 and DOE 23) The 
influence of the temperature seems to play also a role. At 300 °C, the 
formation of propanal is higher than at 260 °C (comparison between 
DOE 3 – DOE 4, and between DOE 22 – DOE 23). However, the glycerol 
concentration does not influence significantly in the formation of 
propanal. High feed flows and the presence of oxygen, as in DOE 19 
(21,25 g/h and 2,75 ml/min respectively) can minimize the formation 
of propanal. Also under these conditions, the acrolein formation will be 
preferred. 
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- The selectivity of acetone ranges between 0 – 1 %. Although the formation of 
acetone is not significant, some conclusions could be drawn. From the Figure 
3. 47 and the Table 3. 5: 
 
o Acetone behaves as propanal. Feed flows of 5,5 g/h and the absence of 
oxygen achieve the formation of acetone (DOE 3, DOE 4, DOE 22 and 
DOE 23). In this case, it seems that the glycerol concentration plays a 
significant role. The combination of high glycerol concentrations (50 %) 
and high feed flows (16 g/h) causes higher acetone formation than at 
5,5 g/h. (DOE 24 – DOE 27). 
 
- For HPO, with 50 % concentration of glycerol and the absence of oxygen, or 
65 % of glycerol concentration, the highest formation of HPO was found (DOE 
26 and DOE 28) as shown in the Figure 3. 48, and the Table 3. 5. By using 
concentrations of glycerol between 5 – 20 % the formation of HPO can be 
totally avoided (DOE 1 – DOE 8, and DOE 29). 
 
- Glycerol concentrations > 35 % cause the formation of phenol, although the 
reached levels remain under 0,7 % as shown in the Figure 3. 49 and the Table 
3. 5 (DOE 9 – DOE 28). Phenol can be also formed with 20 % glycerol 
concentrations, in absence of oxygen and with low feed flows (5,5 g/h) (DOE 
3, DOE 4). 
 
- A certain percentage of unidentified by-products were found. The number of 
the unidentified products ranges around 15 - 20 observed in the GC-
chromatograms. A table with the retention time of these unidentified products 
is given in the section 3.3.3. 
3.3.3 Unknown Products 
The dehydration of glycerol leads to acrolein as a main product. However, other by-
products were detected in the GC-chromatograms. Some of these by-products were 
already known and completely identified in previous studies. That is the case for 
acetaldehyde, propanaldehyde, acetone, hydroxypropanone (HPO), and phenol. Along 
the project, some other by-products could be also identified, such as allylic alcohol, acetic 
acid, propionic acid and acrylic acid. The retention times, in minutes, of these by-
products are: for allylic alcohol (8,9), for acetic acid (15,5), for propionic acid (16,2), and 
for acrylic acid (18,0) (Table 3. 6). The rest of the detected peaks are still unidentified 
by-products that are present in the condensed liquid phase of the collected product 
mixture (see Table 3. 6). 
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Table 3. 6. Unidentified by-products
 APROX. RETENTION TIME (min) 
DOE 5,2 6,5 7,6 7,95 8,95 9,15 11 14,5 15,5 16,2 16,7 17,3 18 19 20 20,3 20,7 21,2 21,8 22,3 23,4 24,1 25,1 
1 
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26 
                       
27 
                       
28 
                       
29 
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No significant mass loss was observed in any of the experiments carried out. That 
means, the condensed vapor out of the reactor was trapped, and the use of the double-
coated flask avoids the evaporation of the condensed products. In this way, the total 
mass balance is complete. 
 
However, the carbon balance is not complete. On average, around 30% are 
missing. The mass balance for the catalyst does not show significant variations. In the 
most of the cases, around +1,5 g of additional mass was found on the used catalyst. This 
30 % of loss can be due to a several reasons: 
 
- The unidentified products represent this 30 %, or at least a large amount of it. 
It is important to mention, that around 15 products are still unidentified. These 
products were detected in the GC-chromatograms, and the mass could not be 
determined. In cases, the areas of these by-products are bigger than the areas 
of the known products. On average, only a 2 % of each unknown product 
would be enough to reach the missed 30 %. 
 
- Other reason would be the loss of mass of unidentified, but also of identified 
products during the process between the sampling and injection of the sample 
in the chromatograph. 
 
Maybe one of these reasons, or maybe a combination of some of these could be the 
reason of the observed missed 30 %. 
3.3.4 Analysis of the data 
The results of all the experiments carried out can be introduced into the Design 
Expert program to get conclusions. It is remarkable that the program Design Expert is a 
powerful tool for the prediction and statistical data treatment. For that reason, the 
number of diagrams and results, which can be obtained with that program, is enormous. 
For example, dependences between parameters, between parameters and responses and 
between responses are possible. For the study and the target of the project, it is 
important to get diagrams where the dependence of glycerol conversion, acrolein and by-
products selectivity versus the different parameters is represented, to observe their 
influence on those. 
 
The number of parameters is four (temperature, glycerol concentration, feed flow 
of the glycerol solution and oxygen flow). Only two of these can be plotted in a 3D-
diagram versus the response. However, Design Expert offers the possibility of a 
“dynamic” analysis. The parameters that are not represented on the diagram can be 
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modified by using an optional button placed beside the diagram. This tool allows the 
variation of a parameter from the minimum to the maximum level, by obtaining 
automatically the result of the different changes that have been done. 
 
Before conclusions could be drawn, some decisions in the Design Expert program 
have to be taken according to statistical parameters. Different models to fit the results 
are possible, and one of them has to be chosen for every response. The decision of the 
chosen model is based on different statistical parameters. 
 
Response surfaces are obtained for the different represented parameters. In each 
diagram, the responses are plotted versus two of the four parameters, so that for each 
response, three diagrams are enough to show the response surface. Of course, more 
diagrams can be obtained, but in this case, one of the parameters will be maintained 
fixed (e.g. temperature on the X-axis), and the other three parameters will be 
represented on the Y-axis, each one in one different diagram. The other two parameters 
will be maintained constant, and the response will be represented on the Z-axis. 
Graphically: 
 
Figure 3. 50. Schema of the 3D representations 
The following legend will be used for the diagrams: 
 
Gly. conv. = Glycerol conversion. 
Sacrolein = acrolein selectivity. 
Sacetaldehyde = acetaldehyde selectivity. 
Spropanal = propanal selectivity. 
Sacetone = acetone selectivity. 
Shpo = HPO selectivity. 
Sphenol = phenol selectivity. 
  Gly. sol. flow = Glycerol solution feed flow. 
  Gly. conc. = glycerol concentration. 
 
Glycerol solution flow 
Temperature 
Response 
Glycerol concentration 
Temperature 
Response 
Oxygen flow 
Temperature 
Response 
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 For the parameters: 
 
  A = temperature (°C) 
  B = glycerol solution feed flow (g/h) 
  C = glycerol concentration (%) 
  D = oxygen flow (ml/min) 
  Ind. = independent term 
 
The obtained mathematical models “response = f (parameters)” are shown in 
Table 3. 7, and the analysis graphs in Figure 3. 51 – Figure 3.71: 
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The responses in dependence of the four parameters (temperature, glycerol solution feed flow, glycerol concentration and oxygen flow) are 
shown in the Table 3.7: 
 
Table 3. 7. Mathematical model for the responses in dependence of the parameters. 
 
 
 
 
 
 
 
 
 
 
 
 
Response Ind. A B C D A2 B2 C2 D2 A.B A.C A.D B.C B.D C.D 
Xglycerol -99,23 1,58 -1,81 -0,46 -4,17 -3,4.10-3 -0,053 -0,01 -0,015 0,016 5,7.10-3 0,017 -0,070 -0,02 -5,9.10-3 
Sacrolein -549,29 4,50 0,63 -1,51 -5,01 -8,2.10-3 -0,027 2,91.10-3 0,018 4,71.10-3 4,0.10-3 0,020 -0,018 -0,075 -4,5.10-3 
Sacetaldehyde 35,99 -0,26 0,33 -0,13 -2,05 5,6.10-4 0,014 2,62.10-3 -0,036 -2,79.10-3 -2,8.10-4 0,012 1,2.10-3 -0,033 -0,012 
Spropanal -5,97 0,048 -0,13 0,017 0,36 -5,4.10-5 4,7.10-3 3,2.10-4 0,011 -3,9.10-4 -1,5.10-4 -2,2.10-3 9,8.10-4 0,012 -7,7.10-4 
Sacetone 2,10 -0,012 0,088 -0,068 -0,035 3,9.10-4 1,6.10-3 5,3.10-4 9,6.10-3 6,8.10-4 7,1.10-5 -6,5.10-4 6,8.10-4 9,0.10-3 2,3.10-4 
Shpo -2,86 0,059 -0,65 -0,30 1,15 -1,6.10-4 4,4.10-3 1,4.10-3 9,9.10-4 1,8.10-3 7,9.10-4 -3,3.10-3 3,8.10-3 -9,8.10-3 -5,9.10-3 
Sphenol -4,29 0,023 0,069 0,053 -0,057 -1,2.10-5 3,0.10-3 -3.10-5 9,6.10-3 -7,2.10-4 -2,4.10-4 -5,0.10-4 1,5.10-3 6,3.10-3 1,8.10-3 
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Figure 3. 52. Gly. conv.-Gly. sol. flow-Temperature.                   
Figure 3. 53. Gly. conv.-Gly conc-Temperature. 
Figure 3. 54. Gly. conv.-Oxygen flow-Temperature. 
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Figure 3. 55. Sacrolein-Gly. sol. flow- Temperature.      
Figure 3. 56. Sacrolein -Gly. conc- Temperature.           
Figure 3. 57. Sacrolein -Oxygen flow- Temperature. 
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Figure 3. 58. Sacetaldehyde-Gly. sol. flow-Temperature.   
Figure 3. 59. Sacetaldehyde-Gly. conc-Temperature.   
Figure 3. 60. Sacetaldehyde-Oxygen flow-Temperature. 
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Figure 3. 61. Spropanal-Gly. sol. flow-Temperature.        
Figure 3. 62. Spropanal-Gly.conc-Temperature.            
Figure 3. 63. Spropanal-Oxygen flow-Temperature. 
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Figure 3. 64. Sacetone-Gly. sol. flow-Temperature.        
Figure 3. 65. Sacetone-Gly. conc-Temperature.              
Figure 3. 66. Sacetone-Oxygen flow-Temperature. 
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Figure 3. 67. Shpo-Gly. sol. flow-Temperature.            
Figure 3. 68. Shpo-Gly. conc-Temperature.                      
Figure 3. 69. Shpo-Oxygen flow-Temperature. 
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Figure 3. 70. Sphenol-Gly. sol. flow-Temperature.              
Figure 3. 71. Sphenol-Gly. conc-Temperature.                    
Figure 3. 72. Sphenol-Oxygen flow-Temperature. 
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3.3.5 Conclusions of the analysis 
3.3.5.1 The glycerol conversion 
- The glycerol conversion increases with the temperature because the dehydration of 
glycerol to acrolein is endothermic. However, the kinetic can limit the process. 
- The glycerol conversion decreases when concentrated glycerol solutions are used. 
- The glycerol conversion decreases when high glycerol solution feed flows are used. 
That is expected because faster feed flows achieve lower residence times. 
- The glycerol conversion remains constant or increases a little with the oxygen flow. 
3.3.5.2 The selectivity of acrolein 
- The acrolein selectivity increases with the temperature until approximately 280 - 285 
°C, and then decreases a little. 
- The acrolein selectivity decreases with the glycerol concentration. 
- The acrolein selectivity increases with the glycerol solution feed flow. 
- At low temperature, the acrolein selectivity decreases with the oxygen flow, and at 
high temperatures, it increases a little with the oxygen flow. 
3.3.5.3 The selectivity of acetaldehyde  
- The acetaldehyde selectivity increases with the temperature. 
- The acetaldehyde selectivity decreases with the glycerol concentration. 
- The acetaldehyde selectivity decreases with the glycerol solution feed flow. 
- The acetaldehyde selectivity increases with the oxygen flow. 
3.3.5.4 The selectivity of propanal 
- The propanal selectivity increases with the temperature, but at high oxygen flows it 
decreases a little and at high glycerol concentrations, it remains constant. 
- The propanal selectivity increases with the glycerol concentration. 
- The propanal selectivity decreases with the glycerol solution feed flow. 
- The propanal selectivity decreases with the oxygen flow. 
3.3.5.5 The selectivity of acetone 
- The acetone selectivity increases with the temperature, but at high glycerol solution 
feed flows it remains constant. 
- There is a minimum in the acetone selectivity curve at around 35 % glycerol 
concentration. 
- The acetone selectivity decreases with the glycerol solution feed flow, but at low 
temperatures, it remains constant. 
- The acetone selectivity decreases with the oxygen flow. 
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3.3.5.6 The selectivity of HPO  
- Generally, the HPO selectivity increases with the temperature, but it remains 
constant when low glycerol solution feed flows, low glycerol concentrations, or high 
oxygen flows are used. 
- The HPO selectivity increases with the glycerol concentration. 
- The HPO selectivity increases with the glycerol solution feed flow. 
- The HPO selectivity decreases with the oxygen flow, but at low temperatures, it 
remains constant. 
3.3.5.7 The selectivity of phenol  
- The phenol selectivity increases with the temperature at mild conditions (low glycerol 
concentrations and low glycerol solution feed flows). It remains constant with the 
temperature at low oxygen flows. It decreases with the temperature at high glycerol 
concentrations, at high feed flows of the glycerol solution, or high oxygen flows. 
- The phenol selectivity increases when high glycerol concentrations are used. 
- There is a minimum in the phenol selectivity curve by using middle oxygen flows 
and/or middle feed flows of the glycerol solution. 
3.3.6 Approaching for finding an optimum working point 
According to these conclusions, an optimum working point can be determined. To 
get a complete glycerol conversion it is better to work at high temperatures. Around 280 
°C the acrolein production is the highest. However, at higher temperatures, close to 300 
°C, the formation of acrolein decreases a little, and the formation of by-products 
increases with the temperature, specially for acetaldehyde, (acetaldehyde, propanal, 
acetone, HPO and phenol). Therefore, a temperature, around 285 °C will be appropriate 
to produce the highest amount of acrolein at a complete glycerol conversion and to 
minimize the formation of by-products. 
 
The glycerol concentration should be not too high for several reasons: 
 
 At high glycerol concentrations, the glycerol conversion and acrolein 
selectivity decreases. 
 For the most identified by-products, high glycerol concentrations lead 
to higher amount of those species. 
 
The formation of acrolein increases and the formation of acetaldehyde, propanal 
and acetone decreases with the glycerol solution feed flow, but very high flows result in 
incomplete glycerol conversion. At high flows, more HPO and phenol are produced, 
although the formation of these is already quite low. An appropriate feed flow could be 
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the minimal flow, which produces complete conversion or close to 100 % and high 
acrolein selectivity, but not too high to avoid the formation of HPO and phenol. 
 
The oxygen flow does not influence significantly the glycerol conversion, or maybe 
only a little at high temperatures. However, by using oxygen at high temperatures, the 
formation of acrolein is high, and low for the most identified by-products. 
3.3.7 Optimization 
The Design Expert program is also able to optimize the responses based on the 
analysis data. In the optimization section of the program, criteria about the different 
parameters and responses have to be introduced for such an optimization. Also in this 
section, the program has a high flexibility, for example, by optimizing as a maximum 
value, minimum value, as a target, or in a range. 
 
Design Expert introduces another parameter in the optimization section, the called 
“Desirability”. This parameter ranges between 0 and 1, and shows how the different 
introduced criteria are satisfied. There is one desirability value for each criterion, one 
desirability value for each parameter and each response (single desirability), and an 
average of all desirability values (combined desirability). Values near 1 are good. That 
means the criteria for the satisfaction and the prediction model or equation given by 
Design Expert have high confidence. Values near zero indicate the opposite effect. Design 
Expert provides also different solutions, which can fit the criteria, but for different levels 
of combined desirability. The first solution corresponds to the highest combined 
desirability level and the last solution to the lowest one. The different solutions given by 
the program contain also the parameter values that are necessary to reach the previous 
introduced criteria for the optimization, so that several optimization points are possible 
by changing one or another parameter.  
 
The chosen criteria were 100 % glycerol conversion, a high formation of acrolein 
and a low of by-products in order to achieve a combined desirability approximately of 
one. 
 
After introducing the criteria for the different parameters and responses, Design 
Expert delivers a table with different criteria and solutions that can fit the exigencies: 
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Table 3. 8. Criteria for parameter and responses for the optimization. 
Parameter / Lower Upper Lower Upper
Response Goal Limit Limit Weight Weight
Temperature  260.00..300.00 260 300 1 1
Gly. Sol. Flow  5.50..16.00 5,5 16 1 1
Gly. Sol. Conc.  20.00..50.00 20 50 1 1
Oxygen Flow  0.00..5.50 0 5,5 1 1
Gly. Conversion  >= 100.00 50,00 100,00 1 1
Sacrolein  = 75.00 30,00 100,00 10 10
Sacetaldehyde  = 0.00 0,00 7,52 1 1
Spropanal  = 0.00 0,00 2,62 1 1
Sacetone  <= 0.00 0,00 1,26 1 1
Shpo  <= 0.00 0,00 2,98 1 1
Sphenol  <= 0.00 0,00 0,38 1 1  
 
Table 3. 8 shows the criteria selected for the different parameters and responses, 
their lower and upper limits, and the “relevance” to carry out the optimization (10 in the 
case of acrolein, and 1 for the rest). A higher relevance has been introduced for the 
optimization of acrolein selectivity, due to the importance of this response. The lower and 
upper limits for the selectivity of the by-products come from the lowest and highest value 
reached in the DOE-experiments. For the glycerol conversion and acrolein selectivity, the 
maximum value was introduced. 
 
In the goal column, the selected criteria for each parameter and response are 
shown. For the parameters, the current limits of the DOE conditions were introduced. A 
value of 100 % glycerol conversion is desired. For the by-products, a goal of 0,00 % 
selectivity was introduced. For the acrolein selectivity, 75 % was the optimal selected 
criteria. The value is high and is the highest one, which can be achieved with the highest 
combined desirability. Higher criteria values for acrolein selectivity can be introduced, but 
these values will achieve lower values of the combined desirability. 
 
Table 3. 9 illustrates the obtained solutions by Design Expert after the 
optimization process: 
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Table 3. 9. Solutions for the optimization process. 
Solutions Temperature Gly. Sol. Flow Gly. Sol. Conc. Oxygen Flow Gly. Conversion Sacrolein Sacetaldehyde Spropanal Sacetone Shpo Sphenol Desirability
1 274.77 16.00 20.00 1.09 101.04 75.00 0.85 0.62 0.12 0.03 0.00 0,936
2 273.92 16.00 20.00 0.92 100.97 75.00 0.78 0.62 0.13 0.03 0.01 0,935
3 280.06 16.00 20.81 1.23 101.15 75.00 0.91 0.65 0.11 0.11 0.00 0,932
4 280.06 15.85 20.00 1.77 101.53 75.00 1.24 0.63 0.10 0.06 -0.02 0,930
5 284.58 16.00 21.09 1.20 101.31 75.00 0.95 0.68 0.11 0.17 0.00 0,927
6 279.75 14.96 20.00 0.95 101.95 74.91 0.86 0.72 0.16 0.03 0.01 0,919
7 290.10 16.00 20.11 1.63 101.85 75.00 1.44 0.68 0.10 0.16 -0.03 0,919
8 289.72 16.00 20.00 1.93 101.91 74.95 1.61 0.66 0.09 0.13 -0.04 0,917
9 284.42 14.32 20.00 1.27 102.33 74.37 1.16 0.77 0.17 0.02 0.00 0,888
10 288.75 16.00 20.00 5.21 102.02 73.67 2.94 0.60 0.08 -0.09 -0.02 0,842  
 
As it can be observed, not only one solution is shown. Different conditions of the parameters can reach the desired optimum point. Design 
Expert can classify the best solution according to the mentioned parameter, combined desirability, indicating how high the confidence is for the 
predicted parameters and responses. The different solutions are shown according to the desirability predicted by the program. The first solution is 
the one, which reaches the highest desirability, and in consequence, the highest confidence for the obtained results. The last solutions can also 
reach the optimum point, but due to their low desirability, the obtained results may not be very similar to the predicted ones. Some values for 
glycerol conversion a little higher than 100 %, and negative values for some responses can be observed. This is due to the optimization process, 
and should be taken as 100 % and 0,00 % respectively. 
 
The selected solution was number one, remarked with a grey filling in the Table 3. 9. The diagrams, response versus parameters, are 
following shown (Figure 3. 73 - Figure 3. 96). In addition, the diagrams for the desirability are shown. 
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Figure 3. 73. Desirability-Gly. sol. flow-Temperature.      
Figure 3. 74. Desirability-Gly. conc-Temperature.          
Figure 3. 75. Desirability-Oxygen flow-Temperature 
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Figure 3. 76. Gly. conv.-Gly. sol. flow-Temperature.      
Figure 3. 77. Gly. conv.-Gly conc-Temperature.  
Figure 3. 78. Gly. conv.-Oxygen flow-Temperatur 
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Figure 3. 79. Sacrolein-Gly. sol. flow- Temperature. 
Figure 3. 80. Sacrolein -Gly. conc- Temperature. 
Figure 3. 81. Sacrolein -Oxygen flow- Temperature. 
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Figure 3. 82. Sacetaldehyde-Gly. sol. flow-Temperature. 
Figure 3. 83. Sacetaldehyde-Gly. conc-Temperature. 
Figure 3. 84. Sacetaldehyde-Oxygen flow-Temperature. 
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Figure 3. 85. Spropanal-Gly. sol. flow-Temperature. 
Figure 3. 86. Spropanal-Gly.conc-Temperature. 
Figure 3. 87. Spropanal-Oxygen flow-Temperature. 
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Figure 3. 88. Sacetone-Gly. sol. flow-Temperature. 
Figure 3. 89. Sacetone-Gly. conc-Temperature. 
Figure 3. 90. Sacetone-Oxygen flow-Temperature. 
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Figure 3. 91. Shpo-Gly. sol. flow-Temperature. 
Figure 3. 92. Shpo-Gly. conc-Temperature. 
Figure 3. 93. Shpo-Oxygen flow-Temperature. 
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Figure 3. 94. Sphenol-Gly. sol. flow-Temperature. 
Figure 3. 95. Sphenol-Gly. conc-Temperature. 
Figure 3. 96. Sphenol-Oxygen flow-Temperature 
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3.3.8 Discussion about the obtained solution 
In the section 3.3.6, a way to find an optimum point was discussed by analyzing 
the different 3D diagrams. After obtaining the solutions, it is the moment to verify the 
suggestions, which were taken. 
3.3.8.1 Effect of the temperature 
In the previous analysis, it was predicted that a temperature near 280 °C achieves 
the highest acrolein selectivity at complete glycerol conversion. Now, the optimization 
results can be examined with temperatures between 274 and 290 °C. However, the 
solutions, which achieve the highest selectivity for acrolein, show that the optimal 
temperature is around 275 - 280 °C. Keeping in mind the kinetic effect over the reaction, 
high temperatures will favor the reaction. However, over 290 °C neither complete 
glycerol conversion nor high acrolein selectivity is reached (Figure 3. 76 - Figure 3. 81). 
The explanation to this effect could be due to the boiling point of pure glycerol. Over 290 
°C pure glycerol burns, which leaves less glycerol to be converted into acrolein and, of 
course, less acrolein to be produced. This effect can explain why at high temperatures 
the reaction works not so well, even being an endothermic reaction. The effect of the 
glycerol burning has to be also taken in account. 
 
If the 3D optimization diagrams are carefully observed (Figure 3. 73, Figure 3. 76, 
Figure 3. 79), at around 280 °C the combined desirability is near 0,94. The acrolein 
selectivity reaches values around 75 %, the glycerol conversion 100 %, and for the by-
products, a relative low selectivity is observed (Figure 3. 82, Figure 3. 85, Figure 3. 88, 
Figure 3. 91, Figure 3. 94). It is important to mention the significant combined effect of 
the temperature and oxygen flow in the acetaldehyde production. In the Figure 3. 84, a 
relative high amount of acetaldehyde is formed. The higher the temperature and the 
oxygen amount, the higher is the acetaldehyde amount. Of course, the influence of other 
parameters has to be taken in account too. 
3.3.8.2 Effect of the glycerol solution flow 
The higher the desirability, the higher is the flow of the glycerol solution. At low 
flows and high temperatures a drop in the desirability can be observed (Figure 3. 73) As 
already mentioned, temperatures over 290 °C can cause glycerol burning and, if low 
glycerol solution flows are used, the glycerol molecules have more time to be burned and 
not susceptible to be dehydrated into acrolein. This effect can be observed very clearly in 
the Figure 3. 76. 
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For the feed flow of the glycerol solution, it was found that high flows achieve 
better results for the acrolein selectivity. For the highest desirability, the highest glycerol 
solution feed flow, 16 g/h, is needed. The highest feed flow of the glycerol solution 
achieves the highest acrolein formation and 100 % conversion, but only when the 
reaction temperature is near 275 – 280 °C. At lower temperatures, near 260 °C, high 
feed flows achieve incomplete conversion, because the energy is not enough to carry out 
the reaction at such flows (Figure 3. 76). 
 
For the by-products, the highest feed flow of the glycerol solution results in low 
selectivity (Figure 3. 82, Figure 3. 85, Figure 3. 88, Figure 3. 91, Figure 3. 94). An 
explanation to this effect can be due to the sequence of the reactions. It seems that the 
main reaction, the dehydration of glycerol to acrolein takes place before, or faster than 
the other side-reactions. If low feed flows of the glycerol solution are used, the species 
stay longer time in the reactor. That means more time to produce other by-products, via 
parallel or consecutive reactions. 
3.3.8.3 Effect of the glycerol concentration 
In the Figure 3. 74, it can be observed that the obtained desirability is very low by 
using glycerol concentrations around 35 – 43 % and at temperatures lower than 280 °C. 
That means that the prediction data in these ranges are not confident. 
 
At high glycerol concentrations, the conversion is not complete and only low 
acrolein selectivity is obtained. By using low glycerol concentrations, 100 % conversion 
and high acrolein selectivity are obtained (Figure 3. 77, Figure 3. 80). For the by-
products, the tendency is the opposite, except for the acetaldehyde formation (Figure 3. 
83). 
 
If a higher glycerol concentration is desired, high temperatures are favorable, as 
Figure 3. 77 shows. However, by increasing the temperature, the amount of 
acetaldehyde, HPO and phenol increases a lot (Figure 3. 83, Figure 3. 92, Figure 3. 95). 
For propanal and acetone, no significant changes have been observed (Figure 3. 86, 
Figure 3. 89). 
3.3.8.4 Effect of the oxygen flow 
The amount of oxygen plays also an important role in the desirability. No oxygen 
or very low oxygen flows can achieve the desired criteria for the optimization. However, 
as demonstrated in Figure 3. 75, the desirability is under 0,94 when low oxygen flows are 
applied, and the lower the amount of oxygen, the lower is the desirability. The solutions 
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given by Design Expert are not confident anymore when no oxygen, or very low amount, 
is used. 
For the acrolein selectivity and the glycerol conversion, the oxygen amount plays 
only a role when the reaction is carried out at 260 or 300 °C (Figure 3. 78, Figure 3. 81). 
Near the optimum temperature, 275 – 280 °C, the oxygen amount produces a little 
increase in the acrolein selectivity. Concerning the glycerol conversion, maybe a little bit 
more glycerol is converted by the addition of oxygen. At lower temperatures (260 °C), 
even a high oxygen flow achieves lower glycerol conversion because the total gas flow 
(reactant and oxygen) is higher, and the residence time is shorter (Figure 3. 78). 
 
For the by-products, the oxygen amount plays an important role, especially for HPO 
and phenol. Thereby, the addition of oxygen decreases significantly the amount of these 
by-products (Figure 3. 93, Figure 3. 96). For propanal and acetone occurs the same 
effect, but less pronounced (Figure 3. 87, Figure 3. 90). In contrast, for acetaldehyde, 
the lowest selectivity is reached when no oxygen is used (Figure 3. 84). 
3.3.9 Prediction points 
Since Design Expert allows any theoretical predictions based on the previous 
experiments, it is worthwhile to check if the obtained results in the experiments and the 
predicted results by the program are the same, or at least similar. 
 
Two experiments have been carried out to check if the predicted and experimental 
results are consistent. 
 
Since the main target of the project is the formation of acrolein, both high 
selectivity in acrolein and high glycerol conversion are desired. In the previous 
experiments, it was observed that the highest acrolein formation was obtained at low 
glycerol concentrations (5 %, DOE 29). Design Expert predicts that at 1 % of glycerol 
concentration, 90 % selectivity in acrolein can be obtained with 100 % glycerol 
conversion. The other parameters were left in range of the DOE conditions. 
 
The reaction conditions to achieve these values are also predicted by Design 
Expert. One of the solutions with the highest combined selectivity (0,90) was selected. 
The reaction was carried out under such conditions: 
 
Catalyst: Catalyst A (WO3/ZrO2)  
Catalytic particle size: 1,0 - 0,5 mm (crushed from 3x3 mm pellets) 
Volume of the catalytic bed: 4,5 ml (same volume in the DOE experiments) 
Mass of the catalytic bed: 6,22 g. (same mass in the DOE experiments) 
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Temperature: 265 °C 
Glycerol Solution Flow: 16 g/h 
Glycerol Solution Concentration: 1 % 
Oxygen Flow: 1,10 ml/min 
 
The obtained results are given in Figure 3. 97: 
DOE 30 (1,0 - 0,5): T = 265 °C, V cat. = 4,5 ml, Fg = 16 g/h, Cg = 1 %, Fo2 = 1,10 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 97. Prediction point. 1 % glycerol concentration. 
The prediction for acrolein selectivity, as well as glycerol conversion, fit with the 
experimental values (Table 3. 10). 
 
Table 3. 10. Prediction point 1 % glycerol concentration. Comparison of predicted and experimental 
points. 
Experiment 
Xglycerol 
(%) 
Sacrolein 
(%) 
Sacetaldehyde 
(%) 
Spropanal 
(%) 
sacetone 
(%) 
Shpo 
(%) 
Sphenol 
(%) 
Experimental 100 88 10,27 1,69 0,00 0,00 0,00 
Predicted 100 90 1,27 0,76 0,66 0,03 0,00 
 
 
The differences obtained for the by-products between predicted and observed 
values, for acetaldehyde, propanal and acetone are due to the low values of the single 
desirability obtained for each by-product (0,4 – 0,7). The desirability, shown in the table 
of the solutions (Table 3. 9) and in the diagrams (Figure 3. 73 - Figure 3. 96), is the 
combined desirability (average of all the single desirability values). 
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A second experiment was carried out to check if the prediction fits with the 
experimental results. In this second experiment, the target was to obtain complete 
glycerol conversion, the highest acrolein selectivity, the lowest selectivity for the by-
products, at 20 % of glycerol concentration. In this case, the desirability for all 
responses, single desirability, and the combined desirability were close to one. The rest 
of the parameters were left in the range of the DOE conditions. 
 
Catalyst: Catalyst A (WO3/ZrO2)  
Catalytic particle size: 1,0 - 0,5 mm (crushed from 3x3 mm pellets) 
Volume of the catalytic bed: 4,5 ml (same volume in the DOE experiments) 
Mass of the catalytic bed: 6,22 g. (same mass in the DOE experiments) 
Temperature: 280 °C 
Glycerol Solution Flow: 16 g/h 
Glycerol Solution Concentration: 20 % 
Oxygen Flow: 1,81 ml/min 
 
The results obtained under these conditions are given in Figure 3. 98 : 
DOE 31 (1,0 - 0,5): T = 280 °C, V cat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 1,81 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 3. 98. Prediction points. High acrolein selectivity. 
In this second case, there is a very good agreement. The differences are minimal 
and it can conclude that the predicted solutions by Design Expert fit quite well with the 
experimental results (Table 3. 11). 
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Table 3. 11. Prediction point High acrolein selectivity. Comparison of predicted and experimental 
points.  
Experiment 
Xglycerol 
(%) 
Sacrolein 
(%) 
sacetaldehyde 
(%) 
spropanal 
(%) 
Sacetone 
(%) 
shpo 
(%) 
Sphenol 
(%) 
Experimental 100 74,23 1,21 0,75 0,00 0,00 0,00 
Predicted 100 76,00 1,22 0,72 0,11 0,06 0,00 
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4 Chapter 4. Pilot Plant 
4.1 Description of the process steps 
The flow sheet and a photograph of the pilot scale apparatus are shown in Figure 
4. 1 and Picture 4. 1 respectively: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 1. Flux diagram for the pilot plant 
 
 
Picture 4. 1. Pilot plant unit. 
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The dehydration of glycerol reaction has the following steps: 
 
- Pumping system: The glycerol solution is pumped into the reactor. The 
solution is placed on a balance to register the amount of solution, which is 
pumped into the reactor. 
 
- By-pass: A by-pass system is also installed. With a 3-way-valve, the glycerol 
solution coming from the pump can be directed into the reactor or redirected 
into the glycerol solution flask. This is useful when the concentration of the 
glycerol solution has to be changed, and the pump and the conductions have 
to be cleaned and filled with the new solution. 
 
- Oxygen addition: For this reaction, a certain amount of oxygen is advisable. 
An oxygen tank is placed beside the set up, and by means of a mass flow 
controller, the amount of oxygen introduced in the reactor can be registered 
and controlled. The oxygen amount is introduced into the glycerol solution line 
through a T piece. A retro-valve has been installed to avoid that possible 
condensed gases damage the mass flow controller. The mass flow controller 
has a working range of 0 – 100 ml/min, an operation pressure of 10 bar, and a 
maximal working pressure of 100 bar. 
 
- Reaction: the reaction takes place in a catalyst fix bed, which is placed in a 
steel tube, heated up by an oven with a heat homogenization system to assure 
the heat homogenization. 
 
- Cooling, collecting and sampling system: the gaseous products coming 
out from the reactor are condensed. The liquid is collected in a double-coated 
flask. A sample can be taken for the analysis, or the condensate can be 
transferred to the product flask. A second scale is used to register the 
collected amount of liquid product. In this way, a total mass balance could be 
made between the pumped amount of glycerol and the collected amount of the 
reaction mixture. 
 
- Analysis: The method of analysis is the gas chromatography.  
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4.2 Design of the Reactor 
The design of the reactor consists in the determination of the appropriate 
dimensions to carry out the dehydration of glycerol in a lager scale. In practice, it is 
necessary to carry out the determination of the catalytic volume, which will be placed in 
the reactor. 
 
Therefore, it is necessary to know the dimensions of the catalytic fix bed for the 
pilot scale apparatus before the determination of the reactor dimensions. It is necessary 
to know the behavior of the reaction in the lab scale apparatus. In this way, the glycerol 
conversion is the main factor, as well as, the glycerol solution flow. 
 
By plotting the glycerol conversion versus the ratio, volume of catalyst / pure 
glycerol flow, a curve was obtained (Figure 4.2). At high glycerol flows, the conversion is 
incomplete, but by decreasing the feed flow, the glycerol conversion increases, until it 
reaches a 100 % conversion. 
 
The objective of this curve is to determine the break point, when the glycerol 
conversion reaches 100 %. At this point of conversion, there is a ratio, volume of catalyst 
/ glycerol flow (Vcat/Fglycerol). By choosing a certain scale up factor for the production, 
which means, a scale factor, for pumped glycerol, the catalytic volume for the scale up 
can be calculated. Several experiments were carried out in the lab scale apparatus, with 
the same catalytic bed (10 ml), and different feed flows. The parameters used in the 
reaction are: 
 
Catalyst: Catalyst A (WO3/ZrO2) 
Volume of the catalytic bed: 10 ml  
Mass of the catalytic bed: 12 g 
  Glycerol solution concentration: 20 % 
  Glycerol solution flow: 11 - 160 g/h 
  Oxygen flow: 4,6 ml/min 
  Temperatures: 280 °C 
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The glycerol conversion reached at each experiment is shown in Figure 4. 2: 
Dehydration of glycerol to acroleine at 280 °C: Determination of the reaction rate
y = -0,7818x4 + 3,5802x3 - 5,9103x2 + 4,1163x
R2 = 0,9902
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Figure 4. 2. Determination of the break point 
It can be observed that the break point for the glycerol conversion is found 
approximately at a Vcat/Fglycerol = 0,5 - 0,6. 
 
This is the smallest ratio, or in other words, the highest feed flow for a constant 
catalytic bed, which can be used to obtain a 100 % glycerol conversion. At this point, the 
adjusted feed flow is approximately 33 g/h in the lab scale apparatus. 
 
If a scale factor for the pilot plant of three is chosen, 100 g/h of feed flow and 30 
ml of catalytic volume are necessary to obtain a 100 % of glycerol conversion. Once the 
catalytic volume is known, then the diameter or the length of the catalytic fix bed should 
be fixed. In practice, it is more convenient to fix the diameter of the catalytic bed, which 
is also the inlet diameter of the reactor. An inlet diameter of 2 cm has been chosen, 
which a normal size for pilot plants is. Now, the length of the catalytic bed for a volume 
of 30 ml and a diameter of 2 cm can be calculated. The result achieves a catalytic length 
bed of approximately 10 cm. 
 
Since the dimensions of the catalytic bed are fixed, the design of the reactor is 
next step in the scale up process. Normally, the diameter used for the reactor is the 
same diameter of the catalytic bed. The length of the reactor must be at least the length 
of the catalytic bed; however, a longer reactor is convenient for safety reasons and to 
carry out future experiments. 
 
The dehydration of glycerol to acrolein is an endothermic reaction. Therefore, an 
oven to heat up the reactor is necessary. 
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In such a case, it is known, that a cylindrical and vertical oven is needed and the 
reactor has to be placed in it, so that the dimension of the oven is dependent on the 
dimension of the reactor. However, not only the reactor, but also the pre-heating zone to 
heat up the glycerol solution from room temperature to approximately 300 °C has to be 
considered. Furthermore, a flexible oven has to be chosen for other possible 
experiments, larger scale ups, etc. 
 
On the market oven suppliers can be found, but suppliers of cylindrical ovens for 
pilot scales apparatus are quite difficult to find. Ovens with three different and 
independent controlled heating zones are very flexible and appropriate for present 
investigations. To get a homogeneous and constant temperature in such type of oven is 
not an easy task. 
 
Therefore, the middle zone is normally used as reaction zone and the end cap 
zones as slave’s zones to assure the desired temperature in the middle zone. Pilot scale 
ovens with three different and independent controlled heating zones are in the market up 
300 mm per zone, which means, a maximal reactor length of 300 mm, and a total oven 
length of 900 mm. 
 
4.3 Experiments carried out in the Pilot Plant Unit 
4.3.1 Pre-heating zone 
Experiments without catalyst (blank tests) were carried out to check if the pre-
heating zone design is appropriate to reach the desired temperature in the reactor. The 
temperature in every section of the reactor was measured in a sequence of five minutes. 
If the temperature along the reactor is constant, and the same as the set point, it means, 
that the pre-heating zone works correctly. Some oxygen was also introduced because, as 
it is known, some oxygen is advisable for the reaction and it is important to add this 
effect. 
 
Pre-heating zone placed in the top zone of the oven. 
Reactor placed in the middle zone of the oven. 
Experiment without catalyst. 
Glycerol solution flow: 100 g/h 
Oxygen flow: 33 ml/min 
Tzone1 = Tzone2 = Tzone3 = 300 °C. 
 
102 Pilot Plant 
 
Illustrated in Table 4. 1, the registered temperature along the 300 mm of the 
reactor does not represent significant changes. The temperature remains constant at 300 
°C along the reactor. 
 
Table 4. 1. Pilot plant. Pre-heating zone study. Temperature profile along the reactor 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
*The distance was measured from the bottom of the reactor, taking out the thermocouple. 
4.3.2 Experiments without catalyst. Blank tests 
The first experiment carried out in this plant was a blank reaction to observe 
which selectivity can be achieved without catalyst, but with glass balls (1,25 – 1,55 mm) 
to reproduce the effect of the catalyst. 
Experiment without catalyst: T = 300 °C, F g = 100 g/h, Cg = 20 %, Fo2 = 0 ml/min. 
Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 3. Dehydration of glycerol. Blank experiment 
Temperature (°C) Distance (cm)* Time 
300 0 13:34 
300 2 13:40 
300 4 13:45 
300 6 13:50 
299 8 13:55 
299 10 14:00 
299 12 14:05 
299 14 14:10 
298 16 14:15 
298 18 14:20 
297 20 14:25 
297 22 14:30 
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As demonstrated in Figure 4. 3, no reaction takes place after two hours. That 
means a catalyst is needed for the dehydration of glycerol. Between 1 – 7 % of by-
products and around 15 % acrylic acid where found during the first hour. As mentioned 
in the Chapter 3 (sections 3.2 and 3.8), the formation of acetaldehyde, propanal and 
acetone is preferred at 300 °C. However, the reaction mechanisms for the formation of 
the by products are still not determined to draw solid conclusions. 
4.3.3 Mass transfer limitations experiments in the pilot plant 
The second step in the pilot plant is to find out if mass transfer limitations 
(external and internal diffusion problems) take place. The same experiments were also 
carried out in the lab scale apparatus. First of all, external mass transfer experiments 
have to be investigated. Only in absence of external diffusion problems, internal diffusion 
problems can be detected. Temperature studies were also done in these experiments. 
4.3.3.1 External mass transfer limitations 
By using different glycerol feed flows and different catalytic bed volumes it is 
important to know if external diffusion problems can take place. To find out if external 
diffusion problems take place, diffusion from the fluid phase to the surface of the 
catalyst, a set of experiments has to be done. These experiments consist in the variation 
of the catalyst volume and feed flow, also explained for the lab scale apparatus in the 
chapter 3 (section 3.2). 
 
The experiments were carried out under these conditions: 
 
Reaction: Dehydration of glycerol to acrolein 
Reactor: metal tube, 2 cm inlet diameter, approximately 27 cm length 
Catalyst: Catalyst A (WO3/ZrO2) 
  Particle size: cylindrical pellets 3x3 mm 
FO2 = 0 ml/min (no oxygen was used for the study) 
Cglycerol = 20 % (w/w) (aqueous solution) 
Pressure = 1 bar 
Temperature: 240 °C  
 
The oven has three independent heating zones (TZ1 = TZ2 =TZ3 = 240 °C). 
Zone 1 (top): pre-heating zone 
Zone 2 (middle): pre-heating zone and reaction zone 
Zone 3 (bottom): heating zone 
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For each experiment the catalyst volume and feed flow was different. In Table 4. 1 
are shown the catalyst volume and feed flow used for each experiment. The results for 
the glycerol conversion and acrolein selectivity are also illustrated in the same table. 
 
Table 4. 2. Dehydration of glycerol in the pilot plant. External mass transfer experiments. 
Factor Vcat (ml) mcat (g) Fg (g/h) Conversion (%) Sacrolein (%) 
1,0 10,0 13,24 36,9 68,7 55,29 
1,3 13,0 17,20 45,5 62,1 56,36 
1,6 16,0 22,28 58,4 69,7 55,13 
2,4 24,0 33,40 85,5 63,1 54,21 
 
Figure 4.4  illustrates the results for the external mass transfer experiments: 
Pilot Plant. External Mass Transfer: Catalyst A (WO3/ZrO2)                    
(3x3 mm) T = 240 °C, Cg = 20 %, Fo2 = 0 ml/min.  
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Figure 4. 4. Dehydration of glycerol in the pilot plant. External mass transfer experiments. 
In the Figure 4. 4 no significant differences in the range of experiments could be 
observed. The glycerol conversion remains constant, 68 - 69 %, with small variations due 
only to experimental errors. The acrolein selectivity remains in the same value (54 – 55 
%) for the different conversions, which also means that no external diffusion problems 
are present in the range of study. 
4.3.3.2 Internal mass transfer limitations 
The determination whether internal diffusion problems are present or not is also of 
importance. Internal diffusion problems take place when concentration gradients are 
present inside of the catalytic particles. It is necessary to carry out experiments under 
the same hydrodynamic conditions, only modifying the particle size of the catalyst. 
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A glycerol feed flow and a catalytic bed volume, where no external diffusion 
problems take place, has to be chosen for the study of the internal diffusion. The 
conditions of the experiments to study the internal diffusion are: 
 
Reaction: Dehydration of glycerol to acrolein 
Reactor: metal tube, 2 cm inlet diameter, approximately 27 cm length 
Catalyst: Catalyst A (WO3/ZrO2) 
Vcat = 16 ml 
Fg = 58,4 g/h 
FO2 = 0 ml/min (no oxygen was used for the study) 
Cglycerol = 20 % (aqueous solution) 
Temperature: 240 °C, Pressure = 1 bar 
 
The oven has three independent heating zones (TZ1 = TZ2 =TZ3 = 240 °C) 
Zone 1 (top): pre-heating zone 
Zone 2 (middle): pre-heating and reaction zone 
Zone 3 (bottom): heating zone  
 
Table 4.3 shows the results for the internal mass transfer experiments: 
 
Table 4. 3. Dehydration of glycerol in the pilot plant. Internal mass transfer experiments 
 
Where: 
  dp: catalytic particle size range. 
  dpm: medium catalytic particle size in the range. 
  mcat: mass of catalyst. 
  Factor: relationship between the different dpm. 
Factor dp (mm) 1/dpm (mm
-1) mcat (g) Conversion (%) Sacrolein (%) 
1,00 3,00 0,33 22,28 69,7 55,13 
0,60 2,0 - 1,6 0,56 20,50 76,3 62,54 
0,43 1,6 - 1,0 0,77 19,40 82,9 63,93 
0,25 1,0 - 0,5 1,33 19,00 84,3 67,48 
0,12 0,5 - 0,2 2,86 18,70 78,0 65,79 
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Pilot Plant. Internal Mass Transfer: Catalyst A (WO3/ZrO2)                      
Vcat = 16 ml, Fg = 58,4 g/h, T = 240 °C, Cg = 20 %, Fo2 = 0 ml/min.  
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Figure 4. 5. Dehydration of glycerol in the pilot plant. Internal mass transfer experiments. 
Internal diffusion problems by using catalytic particles bigger than 1 mm have 
been observed (Figure 4. 5). The glycerol conversion decreases from 84 % to 69,7 %. 
The selectivity of acrolein decreases from 67,5 % to 55 %. For particles smaller than 1 
mm both, the glycerol conversion and the acrolein selectivity remain constant (84 % and 
67,5 respectively). The differences observed in the conversion and selectivity for particles 
smaller than 1 mm are due to experimental errors. That means that catalytic particles 
sizes smaller than 1 mm have to be used to achieve the highest efficiency. 
4.3.4 Mass transfer limitations experiments in the pilot plant. 
Temperature study. 
Reactions carried out in the pilot plant have advantages compared with the lab 
scale experiments. The pilot plant allows the measurement of the reaction temperature 
at different lengths inside of the reaction zone. 
 
A temperature study was carried out while the external and internal mass 
experiments were done. Two temperature studies were done for each experiment: 
 
a) Reaction temperature during the reaction time. The measure point was 
located in the bottom of the reactor. 
b) Reaction temperature along the reactor. The measurements were carried 
out in the last three hours, when the conversion and the selectivity curves 
were stabilized. 
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4.3.4.1 Temperature study in the external mass transfer experiments 
The temperature study was done under the same reaction conditions as were 
shown in the section 4.3.3.1 of this chapter. 
 
a) Reaction temperature during the reaction time 
The results can be observed in Figure 4. 6: 
Dehydration of Glycerol. Variation of the catalytic bed temperature vs 
reaction time for the same particle size (3x3 mm) 
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Figure 4. 6. Temperature study in the external mass transfer experiments. Temperature versus 
time. 
In the Figure 4. 6, the reaction temperature increases during the first 20 minutes, 
probably due to the burning of glycerol or side-reactions. After 20 minutes, the 
temperature decreases and after 2 hours it remains constant (stationary-steady). The 
reached temperature in the stationary-steady is different for each experiment. The higher 
the catalyst volume (and the correspondent feed flow) the lower is the temperature 
reached in the stationary-steady. Therefore, the difference between the temperature of 
the stationary-steady and the set point is higher when higher catalyst volumes are used, 
as can be seen in the curves of the Figure 4. 6. This difference is called off set. It is 
important to remember that the dehydration of glycerol to acrolein is an endothermic 
reaction, and at such temperature levels (240 °C) the amount of heat introduced in the 
reactor cannot compensate the heat absorption due to the endothermic effect. However, 
if the feed flow is higher, or in other words, a higher scale factor, the volume where the 
reaction takes place is larger and the heat absorption too, so that in consequence the 
reaction temperature remains further away from the set point. 
 
Remark: Normally there is an initial off set of +5 °C respect to the set point, but 
no differences in the evolution of the reaction were observed (Figure 4. 6). 
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In the first 20 minutes, the reaction temperature increases. Two reasons are 
possible: 
- Burning of glycerol 
- Formation of by-products through exothermic reactions. In all experiments, 
the highest amounts of certain by-products (acetaldehyde, propanal, 
acetone) were reached during the first hour. As sample is shown in Figure 
4. 7: 
PilotEMT1: T = 240 °C, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 16 ml. Catalyst A 
(WO3/ZrO2) (3x3 mm) Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 7.  Formation of by-products during the first hour of the reaction. 
 
b) Reaction temperature along the reactor 
This study is useful to check if there is any temperature gradient along the 
catalytic fix bed. It is important to mention that the temperature was measured along the 
whole reactor, but only a small part of it is filled with the catalyst, the rest is empty. The 
approximately length of the catalytic bed according to the catalytic bed volume is shown 
in Table 4. 4: 
 
Table 4. 4. Length of the catalytic bed. 
Vcat (ml) Hcat (cm) 
10 3,18 
13 4,14 
16 5,09 
 
The results of the temperature study along the reactor are shown in Figure 4. 8: 
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Dehydration of Glycerol. Variation of the catalytic bed temperature along 
the reactor for the same particle size (3x3 mm)
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Figure 4. 8.  Temperature study in the external mass transfer experiments. Temperature versus 
distance. 
The Figure 4. 8 shows the evolution of the reaction temperature along the reactor 
after 2 hours. The plotted temperature Tm is the average of three measurements, one 
measurement every hour, once the stationary-steady point was reached. In this diagram, 
0 cm represents the bottom of the reactor. It can be observed how the temperature is 
constant along the catalytic bed for any volume. The light deviations observed above 12 
cm, far away from the catalytic bed, could be due to the relative bad conductivity of the 
gas presence in the empty space. It can conclude that there is an isothermal profile along 
the catalytic bed. 
 
If the same studies are done (external mass transfer), but with a lower particle 
size, 0,2 – 0,5 mm instead of 3 mm pellets, the same effect is observed. Figure 4. 9 in 
comparison with the Figure 4. 6: 
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Dehydration of Glycerol. Variation of the catalytic bed temperature vs 
reaction time for the same particle size (0,5 - 0,2 mm) 
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Figure 4. 9. Temperature study in the external mass transfer experiments. Temperature versus 
time. 
In this case, the stationary-steady temperatures are a little bit lower than in the 
other case (Figure 4. 6). For smaller particle sizes, especially smaller than 1,6 mm, the 
reaction is more efficient than by using particle sizes of 3 mm (external diffusion 
problems). If the reaction is more efficient with smaller particle sizes, it means the 
reaction is more endothermic and it is expected that the reaction temperature decreases 
more than by using bigger particle sizes. 
 
For the dependence of the reaction temperature with the length of the catalytic 
bed the same conclusions can be drawn: isothermal profile for each experiment, but 
lower reached stationary-steady temperatures because of the smaller particle size 
(Figure 4. 10) 
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Dehydration of Glycerol. Variation of the catalytic bed temperature 
along the reactor for the same particle size (0,5 - 0,2 mm)
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Figure 4. 10. Temperature study in the external mass transfer experiments. Temperature versus 
distance.  
The dependence of the off set with the catalyst volume for different catalytic 
particle sizes is shown in Figure 4. 11. 
Variation of the off set temperature due to the reaction with the catalyst 
volume for different particle sizes
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Figure 4. 11. Variation of the offset temperature versus catalyst volume for different particle sizes. 
The dependence of the off set with the catalytic particle size for different catalyst 
volumes is shown in Figure 4. 12. 
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Variation of the off set temperature due to the reaction with the 
medium particle size for different catalytic bed volumes
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Figure 4. 12. Variation of the offset temperature versus the particle size for different catalyst 
volumes. 
These effects have to be taken in account when reactions are carried out at 
relative low temperatures. If a higher reaction temperature is used, it is expected that 
these off sets will be lower. The higher amount of heat supplied to the system can 
compensate the endothermic effect. 
4.3.4.2 Temperature study in the internal mass transfer experiments 
The same temperature studies were carried out when the internal mass transfer 
experiments were done. In this case, the glycerol solution feed flow and the catalytic bed 
volume is constant for all experiments. 
 
a) Reaction temperature during the reaction time 
The results can be observed in Figure 4. 13: 
Dehydration of Glycerol. Variation of the catalytic bed temperature vs 
reaction time for different particle sizes
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Figure 4. 13. Temperature study in the internal mass transfer experiments. Temperature versus 
time. 
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Dehydration of Glycerol. Variation of the reaction temperature along 
the catalytic bed for different particle sizes
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The shape of the curves is the same as in the previous section. The only 
parameter, which changes, is the catalytic particle size. As expected, all curves have 
approximately the same off set because the catalyst volume and glycerol solution feed 
flow is the same for each experiment. 
 
b) Reaction temperature along the reactor 
The results of the temperature study along the reactor are shown in Figure 4. 14: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 4. 14. Temperature study in the internal mass transfer experiments. Temperature versus 
distance. 
In this case, also isothermal conditions are present along the catalytic bed. The 
only difference is a lightly dependence of the temperature with the catalytic particle size. 
The lower the particle size the higher is the off set (stationary-steady temperature 
further away from the set point). Higher efficiency in the dehydration reaction is achieved 
with smaller particle sizes. That means a stronger endothermic effect. With a 3 mm 
particle size it was observed that the dehydration reaction does not take place with the 
same efficiency (internal diffusion problems) and therefore the endothermic effect is not 
so pronounced, resulting in the fact that the reaction temperature is nearer to the set 
point. 
 
4.4 Scaled Up Experiments  
Since the external and internal mass transfer studies were done and it is know 
which catalytic volumes, glycerol solution flows and particles sizes should be used to 
avoid diffusion problems, the next step is the scale up of the reaction. It consists in 
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checking if a reaction carried out in the lab scale apparatus can be reproduced with the 
same results in the pilot scale apparatus. 
 
In these experiments, additional identified by-products have been added. These 
new by-products are allylic alcohol, acetic acid, propionic acid and acrylic acid. Only 
acrylic acid is represented in the diagrams because it was the most abundant and the 
most important for future research. The selectivity of the other new by-products has 
been also determined. 
4.4.1 Reactions in the pilot plant  
The experiment, which has been chosen to scale up, was DOE 31. This experiment 
was done before in the lab scale apparatus, and it was an experiment to check if the 
predicted solutions by the program Design Expert were reproducible in this experiment. 
The predictions given by the program are shown in the Table 4. 5: 
 
Catalyst: Catalyst A (WO3/ZrO2) 
Particle size: 1,0 – 0,5 mm 
Volume of the catalytic bed: 4,5 ml 
Mass of the catalytic bed: 6,22 g 
Temperature: 280 °C 
Glycerol Solution Flow: 16 g/h 
Glycerol Solution Concentration: 20 % 
Oxygen Flow: 1,81 ml/min 
 
The Table 4. 5 shows too the results which were obtained in the lab scale 
apparatus. 
 
Table 4. 5. Prediction point High acrolein selectivity. Comparison of predicted and experimental 
points.  
Experiment Xglycerol 
(%) 
Sacrolein 
(%) 
Sacetaldehyde 
(%) 
Spropanal 
(%) 
Sacetone 
(%) 
Shpo 
(%) 
Sphenol 
(%) 
Experimental 100 74,23 1,21 0,75 0,00 0,00 0,00 
Predicted 100 76,00 1,22 0,72 0,11 0,06 0,00 
 
The predictions done by the program were very successful. The obtained results in 
the lab plant apparatus were the same as the predicted (Table 4. 5). 
 
Pilot Plant                                                                                                             115 
For the scale up of DOE 31, a scale factor of approximately 3,5 has been applied. 
The scaled up experiment was called Pilot SC1. According to this scale factor the 
parameters for the pilot plant are: 
 
Catalyst: Catalyst A (WO3/ZrO2) 
Particle size: 0,5 – 0,2 mm  
Volume of the catalytic bed: 16 ml 
Mass of the catalytic bed: 18,70 g 
Temperature: 280 °C 
Glycerol Solution Flow: 58,4 g/h 
Glycerol Solution Concentration: 20 % 
Oxygen Flow: 6,44 ml/min 
 
For the pilot plant a smaller particle size was used (0,5 – 0,2 mm) because there 
was no sufficient catalyst to carry out the experiment with the same particle size than in 
the lab scale apparatus (1,0 – 0,5 mm). The particles between 0,5 – 0,2 mm come from 
the crushing process of bigger particles. The results in the pilot plant are shown in Figure 
4. 15: 
Pilot SC1: T = 280 °C, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 6,44 ml/min, Vcat = 16 ml. Catalyst A 
(WO3/ZrO2) (0,5 - 0,2 mm) Variation of conversion and selectivity with the glycerol amount.
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Figure 4. 15. Dehydration of glycerol. Scale up of DOE 31. 
 
In addition, the results obtained in the lab scale apparatus (Figure 4. 16): 
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DOE 31 (1,0 - 0,5): T = 280 °C, V cat. = 4,5 ml, Fg = 16 g/h, Cg = 20 %, Fo2 = 1,81 ml/min. Catalyst A 
(WO3/ZrO2) / Tcalc = ? Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 16. Dehydration of glycerol in the lab scale. DOE 31 
The results obtained in the lab and pilot plant, as well as the predicted by the 
program are summarized in Table 4. 6: 
 
Table 4. 6. Comparison predicted by Design Expert, lab scale and pilot plant results. 
Experiment Xglycerol 
(%) 
Sacrolein 
(%) 
Sacetaldehyde 
(%) 
Spropanal 
(%) 
Sacetone 
(%) 
Shpo 
(%) 
Sphenol 
(%) 
Predicted 100 76,00 1,22 0,72 0,11 0,06 0,00 
Lab scale 100 74,23 1,21 0,75 0,00 0,00 0,00 
Pilot scale 100 76,06 1,61 0,67 0,14 2,75 0,00 
 
The results for the scale up were quite successful (Table 4. 6): complete glycerol 
conversion, the same acrolein production, and for the rest of the by-products values are 
near, except for HPO. This deviation can be explained due to the particle size used in the 
pilot plant (0,5 – 0,2 mm). 
 
When the experiments to determine possible internal diffusion problems were 
done with a Vcat = 16 ml, the following results were obtained for this two particle sizes 
(Figure 4. 17 and Figure 4. 18): 
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PilotIMT3: T = 240 °C, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 16 ml. Catalyst A (WO3/ZrO2) 
(1,0 - 0,5 mm) Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 17. Internal mass transfer in the pilot plant.  Catalyst volume: 16 ml (1,0 – 0,5 mm). 
PilotIMT4: T = 240 °C, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 16 ml. Catalyst A (WO3/ZrO2) 
(0,5 - 0,2 mm) Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 18. Internal mass transfer in the pilot plant.  Catalyst volume: 16 ml (0,5 – 0,2 mm). 
In the Figure 4. 17 and the Figure 4. 18, the main difference observed is in the 
HPO production. It means, with catalytic particles between 0,5 – 0,2 mm more HPO is 
formed than with catalytic particles between 1,0 – 0,5 mm, where the amount of HPO is 
almost negligible (Figure 4. 18). 
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For this reason, when in the scale up of DOE 31, more HPO is observed than in 
the lab scale apparatus, the reason is due to the catalytic particle size. 
 
In the external mass transfer experiments carried out with a constant catalytic 
particle size (3x3 mm pellets), no HPO was observed. However, when the same 
experiments were carried out with a catalytic particle size of 0,5 – 0,2 mm, HPO was 
always observed. In Figure 4. 19 catalytic particles between 0,5 – 0,2 mm were used and 
HPO was formed. In contrast, in Figure 4. 20, a particle size of 3x3 mm was used and no 
HPO was found. 
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PilotIMT5: T = 240 °C, Fg = 36,9 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 10 ml. Catalyst A (WO3/ZrO2) 
(0,5 - 0,2 mm) Variation of conversion and selectivity with the glycerol amount. 
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PilotIMT6: T = 240 °C, Fg = 45,5 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 13 ml. Catalyst A 
(WO3/ZrO2) (0,5 - 0,2 mm) Variation of conversion and selectivity with the glycerol amount.
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Figure 4. 19. Internal mass transfer experiments in the pilot plant.  Catalyst volumes: 10, 13 ml (0,5 – 0,2 mm). 
PilotEMT3: T = 240 °C, Fg = 35,55 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 10 ml. Catalyst A 
(WO3/ZrO2) (3x3 mm) Variation of conversion and selectivity with the glycerol amount. 
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PilotEMT4: T = 240 °C, Fg = 45,50 g/h, Cg = 20 %, Fo2 = 0 ml/min, Vcat = 13 ml. Catalyst A 
(WO3/ZrO2) (3x3 mm) Variation of conversion and selectivity with the glycerol amount. 
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Figure 4. 20. Internal mass transfer experiments in the pilot plant.  Catalyst volumes: 10, 13 ml (3x3 mm
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4.4.2 Scaled Up experiments. Temperature study 
A temperature study was also carried out. As before, the temperature was 
measured during the reaction time and along the reactor. It is important to mention that 
for this experiment the initial set point for the temperature was 291 °C (according to an 
off set of 11 °C, possibly expected). After one hour, the registered temperature was 
almost 291 °C, which means that no off set took place. After this point, the temperature 
set point was reduced to 280 °C and after two hours reaction a temperature of 280 °C 
was reached. In Figure 4. 21 it is shown the dependence of temperature, measured in 
the bottom of the reactor, with the reaction time. The dependence of the temperature 
along the reactor can be seen in Figure 4. 22: 
 
Scale Up SC1 (from DOE 31): Variation of the catalytic bed temperature vs reaction time. Catalyst A (Particle 
size: 0,5 - 0,2 mm), T = 280 °C, Vcat = 16 ml, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 6,44 ml/min 
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Figure 4. 21. Dehydration of glycerol. Temperature study in the scale up. Temperature versus time. 
 
Scale Up SC1 (from DOE 31): Variation of the reaction temperature along the catalytic bed with the reaction 
time. Catalyst A (Particle size: 0,5 - 0,2 mm), T = 280 °C, V cat = 16 ml, Fg = 58,4 g/h, Cg = 20 %, Fo2 = 6,44 ml/min 
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Figure 4. 22. Dehydration of glycerol. Temperature study in the scale up. Temperature versus 
distance. 
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4.4.3 Dehydration + oxidation reaction in the pilot plant (Tandem 
reaction) 
Since the dehydration of glycerol was successfully scaled up, and due to the 
flexibility of the pilot plant, another experiment was carried out. As it is known, acrolein 
is just an intermediate for the production of other chemicals with more industrial interest. 
One of these chemicals is acrylic acid. The oxidation of acrolein yields acrylic acid.  
4.4.3.1 Tandem reaction 
A tandem reaction was carried out simultaneously in the same reactor. In the 
upper zone of the reactor the dehydration of glycerol to acrolein was carried out, and in 
the lower zone, in a second catalytic bed, the oxidation of acrolein to acrylic acid. Both 
catalytic beds were separated by a 10 ml bed of glass spheres (1,25 – 1,55 mm). 
Oxygen was added from the top of the reactor for both reactions. The conditions and 
parameters for both reactions are: 
 
Dehydration: 
 
Catalyst: Catalyst B (WO3/ZrO2) 
Particle size: 1,0 – 0,5 mm 
Volume of the catalytic bed: 20 ml 
Mass of the catalytic bed: 24,5 g. 
Temperature: 280 °C 
Glycerol Solution Flow: 19,2 g/h 
Glycerol Solution Concentration: 20 % 
Oxygen Flow: 22 ml/min. 
 
Oxidation: 
 
Catalyst: Oxidation catalyst (provided by ARKEMA) 
Particle size: 5 mm. 
Volume of the catalytic bed: 10 ml 
Mass of the catalytic bed: 15,1 g. 
Temperature: 280 °C 
 
The results of the tandem reaction are shown in Figure 4. 23: 
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Pilot SC5: (Dehydration + Oxidation): T = 280 °C, F g = 19,2 g/h, Cg = 20 %, Fo2 = 22 
ml/min. Dehydration: Vcat = 20 ml. Catalyst B (WO3/ZrO2) (1,0 - 0,5 mm)                                
Oxidation: Vcat = 10 ml. Oxid. Catalyst (5 mm)
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Figure 4. 23. Dehydration + oxidation. 
In the Figure 4. 23, the experiment ran successfully. No acrolein was found 
anymore. That means a complete oxidation to acrylic acid took place. Other by-products, 
like acetic acid and propionic acid were also observed. Due to the oxidation, acetaldehyde 
and propanal were oxidized to their correspondent acids. It is important to mention that 
mass loss was observed during the reaction. In the Figure 4. 23, after the first hour of 
the reaction no products were found. Almost a mass loss of 100 % in carbon mass was 
observed. This can be explained due to the amount of oxygen used in the reaction (see 
section 4.4.3.2 and Figure 4. 24). The percentage of mass loss decreases with the 
reaction time, as long as acrylic acid and other by-products such acetic and propionic 
acid, were formed. At the stationary-state around 25 % of mass loss was found. Around 
40 % of acrylic acid, 10 % of acetic acid and 3 % of propionic acid were found. The 25 % 
of mass loss should be due to the burning of compounds on the catalytic particles. This 
can be explained by the temperature at the stationary-state (290 °C), 10 °C higher than 
the set point. After five hours, the oxygen flow was switched off. Now, acrolein and some 
of the by-products of the dehydration reaction such as acetaldehyde, propanal and 
acetone were observed. The catalyst mass balance shows also the formation of unknown 
by-products. Around +3,8 g were observed on the dehydration catalyst, while in the 
previous experiment (SC1), no significant mass loss was observed. 
 
This was a single experiment to check if in the pilot plant it is also suitable to 
carry out both reactions simultaneously. The reached acrylic acid selectivity was fully 
dependent on the previous step (dehydration). 
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4.4.3.2 Temperature study for the tandem reaction 
The reaction temperature was also registered with the reaction time and along the 
reactor for this experiment. The catalytic bed volumes in the reactor and their 
correspondent lengths, taking in account the volume occupied by the thermocouple 
system (Vcat. accum., Hcat. accum., accumulated volume and length), are shown in Table 4. 7: 
 
Table 4. 7. Distribution and catalytic volumes in the reactor for a tandem reaction. 
 
 
The results for this study are shown in Figure 4. 24 and Figure 4.25: 
 
Scale Up SC5 (Dehydration + Oxydation): Variation of the catalytic bed temperature vs reaction time. Deh: Catalyst B 
(1,0-0,5 mm), Ox: oxid. Catalyst (5 mm), T = 280 °C, Vcat = 20 ml, Vox.cat = 10 ml, Fg = 19,2 g/h, Cg = 20 %, Fo2 = 22 ml/min 
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Figure 4. 24. Temperature study. Dehydration + oxidation (Tandem reaction). Temperature versus 
time. 
For the tandem reaction (dehydration + oxidation), some differences are observed 
in this diagram (Figure 4. 24) 
 
The registered temperature during the reaction time was measured at the bottom 
of the two catalytic beds. For the dehydration, the temperature increases during the first 
20 - 25 minutes, maybe due to exothermic side-reactions. The highest observed 
temperature was 340 °C. The same effect was observed in the previous diagrams, for 
example Figure 4. 21. In this diagram, 330 °C were reached. The temperature decreases 
gradually during approximately 2 hours, and then it remains constant at around 290 °C. 
However, the set point is 280 °C. In the Figure 4. 24, once the stationary-state was 
Flow Process Catalyst 
Vcat 
(ml) 
Hcat 
(cm) 
Vcat. accum. 
(ml) 
Hcat. accum. 
(cm) 
Dehydration WO3/ZrO2 (Catalyst B) 20 6,37 43,60 13,88 
 Glass spheres 10 3,18 21,80 6,94 
 
Oxidation Oxidation catalyst 10 3,18 10,90 3,47 
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reached, the temperature was 290 °, which means an offset of 10 °C. In comparison, in 
the Figure 4. 21, after two hours, the reaction temperature reached the set point (280 
°C). This seems to be due to the amount of oxygen used in the reaction. In the Figure 4. 
21, only the dehydration was carried out. A very low amount of oxygen (6 ml/min) was 
used and the reached temperature in the stationary-state was 280 °C. No offset was 
observed. However, in the tandem reaction more oxygen is needed to carry out the 
oxidation reaction. If a high amount of oxygen, in this case 22 ml /min, is used the 
temperatures reached at the stationary-state remains at 290 °C in the dehydration zone. 
Due to this high oxygen flow, exothermic side-reactions should be taken place in the 
dehydration catalytic bed. This could also explain, why during the first 20 minutes 340 °C 
were reached by using 22 ml/min of oxygen (Figure 4. 24), while by using 6,22 ml/min, 
330 °C were observed (Figure 4. 21). This conclusion can be better drawn if no oxygen is 
used. After 300 minutes the oxygen flow was switched off. After 20 minutes the 
temperature of the reaction decreases to the set point (280 °C) and remains constant. 
 
For the oxidation reaction (Figure 4. 24), the reaction temperature in the 
oxidation catalyst increases gradually during 140 minutes, and after that, it remains 
constant at 310 °C. This means that the oxidation reaction is taking place. The shape of 
this curve can be compared with the acrylic acid formation in the Figure 4. 23. The higher 
the reaction temperature in the oxidation catalytic bed, the higher is the formation of 
acrylic acid. Once the temperature is stabilized at 310 °C, the formation of acrylic acid 
remains also constant at around 40 % (Figure 4. 23). After 300 minutes, when the 
oxygen flow was switched off, the temperature of the oxidation catalytic bed dropped to 
286 °C. That means, that no exothermic reaction was taking place and in consequence 
no acrylic acid was formed. Also some acrolein and the expected by-products of the 
dehydration reaction were found when the oxygen flow was switched off (Figure 4. 23). 
 
The evolution of the reaction temperature along the reactor (Figure 4.25) shows 
the expected shape. The values shown in the curve are after reaching the stationary-
state. Along the oxidation zone, (0 – 3,5 cm), the temperature is 310 °C, 30 °C higher 
than the set point. In this catalytic bed the oxidation reaction (exothermic) is taking 
place. Along the dehydration zone (7 – 13,9 cm) the temperature is constant (290 °C). 
Theoretically, the temperature should be a little lower than 280 °C, because the 
dehydration of glycerol to acrolein is slightly endothermic. However, as it was explained 
before, the observed temperature (290 °C) seems to be due to unknown side-reactions 
which took place due to the high amount of oxygen flow. The zone between the two 
catalytic beds is filled with glass spheres. This region separates the two reactions. The 
observed temperatures in this transition region are between the 310 °C and 290 °C. This 
is the behavior, which is expected. 
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Figure 4. 25. Temperature study. Dehydration + oxidation (Tandem reaction). Temperature versus 
distance. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Scale Up SC5 (Dehydration + Oxydation): Variation of the reaction temperature along the catalytic bed. Catalyst B 
(1,0 - 0,5 mm),T = 280 , Vcat.Deh. = 20 ml, Fg = 19,2 g/h, Cg = 20 %, Fo2 = 22 ml/min °C, Vcat.Ox. = 10 ml (5 mm)    
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5 Conclusions and Outlook 
5.1 Conclusions 
The two main objectives of the engineering part of this project have been carried 
out successfully. The performance of the lab plant and the study of the influence of the 
parameters on the reaction have been carried out in the lab plant with the statistical 
program Design Expert 5.0. Mathematical prediction models were also obtained for a 
large range of reaction conditions. 
 
 The scale up for the dehydration reaction, including design, building and 
operation, has been done with successful results for the scale up of reactions. 
Furthermore, a tandem reaction (dehydration + oxidation) could be carried out 
successfully in the pilot plant. 
 
Some additional studies have been also carried out: kinetic and thermodynamic 
investigations, as well as phase diagram studies. 
5.1.1 Lab plant 
The main conclusions obtained for the lab plant are: 
 
a) Performance of the lab plant process. A new lab plant process for the 
dehydration of glycerol has been developed. In this unit, reactions can be carried 
out without interruption for the sampling and collecting steps. Furthermore, due 
to the new cooling system, reactions could be carried out without replacement of 
ice, like in the preliminary set up. Flexibility and safety for the operator are the 
main advantages, by allowing a continuous cooling system with help of a 
cryostat. A more comfortable, safe sampling and collecting system was 
developed, by screwing a GC-glass or a bottle, respectively, to the double-coated 
flask avoiding any contact with acrolein. 
 
b) Mass transfer limitations. Studies have been carried out to determine the 
reaction rate limitative step of the process. It can conclude that no external mass 
transfer limitations were present. However, internal mass transfer limitations 
were found by using particle sizes bigger than 1 mm. The catalytic particle size 
range was changed from 1,6 – 0,5 mm, as used in preliminary studies, to 1,0 – 
0,5 mm. 
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c) Design of experiments. The influence of the different reaction parameters 
(temperature, glycerol concentration, glycerol solution flow and oxygen flow) has 
been studied with the statistical program Design Expert. The main objectives 
were to obtain mathematical models in the way “response = f (parameters)” and 
the possibility to predict responses. As a summary, the most important obtained 
conclusions are shortly described: 
 
- Desired reaction: The desired reaction, dehydration of glycerol to 
acrolein, takes place as the main reaction, and in general, with an acrolein 
selectivity ranging between 50 – 78 %, and average of 62 %. The glycerol 
conversion ranged between 66 – 100 %, with an average of 95 %. On 
average, 4 % identified by-products were found. 
 
- By-products: No significant mass loss was observed. However, around 
15 by-products could not be identified. Mass loss due to the evaporation 
during the cooling, the sampling, the GC preparation, and the injection in 
the chromatograph, as well as, these 15 unidentified by-products 
observed in the chromatograms, can be responsible of the 30 % of 
undetermined products. 
 
- Temperature: Between 280 – 290 °C it is optimal temperature to obtain 
high acrolein selectivity. High temperatures favour the glycerol 
conversion. Generally, the higher temperature, the higher is the 
production of by-products. 
  
- Glycerol concentration: High glycerol concentrations yield un-complete 
conversion and less acrolein formation than by using low glycerol 
concentrations. With 35 % glycerol concentration, a complete conversion 
and a high selectivity of acrolein could be achieved. Normally, an increase 
in the glycerol concentration, favour the formation of the by-products. 
 
- Glycerol solution flow: The higher the feed flow, the higher is the 
amount of acrolein and the glycerol conversion, but only when the 
working temperature is in the optimum range of 280 – 290 °C. By using 
high feed flows and temperatures in this range, the amount of by-
products can be reduced. 
 
- Oxygen Flow: Oxygen plays a role in the acrolein selectivity and glycerol 
conversion at low as well as high temperatures. Near the optimal 
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temperature range, oxygen has a positive influence on the acrolein 
formation. For the glycerol conversion, a light performance is achieved 
when oxygen is used. Oxygen plays an important role in the formation of 
by-products. The amount of HPO and phenol decreases significantly when 
oxygen is used. For propanal and acetone the effect is the same, but less 
accused. Only for acetaldehyde, the selectivity increases with the oxygen 
flow. 
5.1.2 Pilot plant 
The main objective of the engineering part of this project was the realisation of the 
scale up of the lab plant. 
 
a) Design of the pilot plant. The most important part of the design of the pilot 
plant was the reactor and oven design. 
 
- The Reactor: A stainless 27 cm long tube reactor with an internal 
diameter of 2 cm was designed for the pilot plant. Other equipment was 
also included in the design: mesh for the support of the catalyst, a pre-
heating zone (2 stainless tubes with the same reactor dimensions, 
connected in serial and filled with 1,25 – 1,55 mm glass spheres), and a 
system for the registration of the temperature along the catalyst bed. 
 
- The Oven: A vertical 900 mm long oven with three independent and 
controlled heating zones (300 mm each zone) has been used in the pilot 
plant. 
 
b)  Building of the pilot plant. Some of the equipment had to be adapted to the 
new scaled process, such as balances and oxygen mass flow controller with a 
larger working range, a bigger reflux condenser, a bigger oven and reactor. 
 
c) Operation with the pilot plant. The following experiments have been carried 
out in the pilot plant: 
 
- Mass transfer limitations: In same way as in the lab scale apparatus, 
no external diffusion limitations were found in the pilot plant. However, 
internal diffusion problems for particle sizes bigger than 1 – 1,6 mm were 
observed. No HPO was found in the range of 3 – 1 mm of particle size. 
However, by using particle sizes between 0,5 – 0,2 mm, HPO was formed. 
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- Scale up of previous reactions: A scale factor of 3,5 has been chosen 
to carry out the reactions in the pilot plant. It was concluded that the 
same results were obtained in both, the lab and the pilot plant, and also 
the same results predicted by the program Design Expert (100 % glycerol 
conversion and around 76 % acrolein selectivity). 
 
- Tandem reaction (dehydration + oxidation): A tandem reaction was 
carried out in the pilot plant to demonstrate the flexibility of this plant to 
carry out consecutive reactions. The glycerol conversion obtained was 100 
%, no acrolein was found, and 50 % of acrylic acid was formed. 
 
- Temperature studies: The temperature profile along the catalyst bed 
has been also determined. In the dehydration reactions, which were 
carried out in the scale up, isothermal conditions along the catalyst bed 
were found. In the tandem reaction, dehydration + oxidation, the 
temperature profile along the catalytic bed shows a clear influence of the 
exothermic reaction (oxidation) over the endothermic reaction 
(dehydration). Smaller particles of the oxidation catalyst are needed in 
this reactor to get the correct distribution of the catalytic beds. 
5.1.3 Other studies 
Other general studies applicable to the both plants were also done. 
 
a) Thermodynamic. The thermodynamic as well as the spontaneity of the 
dehydration of glycerol was theoretically determined. The dehydration of glycerol 
to acrolein is an spontaneous and endothermic reaction (K = 2,5.1015, ∆Hr = 
+2,05.104 kJ/kmol). The oxidation reaction from acrolein to acrylic acid is an 
spontaneous and exothermic reaction (K = 1,9.1019, ∆Hr = -2,55.105 kJ/kmol). 
 
b) Phase diagrams. To determine if the feed glycerol solution remains as a mixture 
in the reactor, T-x-y and P-x-y diagrams were calculated. It was concluded that 
the aqueous glycerol solution in all the range of molar concentrations behaves as 
an ideal solution. 
 
c) Explosion ranges. The determination of the explosive limits of hydrocarbons in 
presence of oxygen was calculated. The conditions of all the experiments carried 
out in the lab or pilot plant were outside of the explosion limits. 
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d) Kinetic. For the kinetic study of the process the following conclusions were 
obtained. The apparent order of the reaction is n = 1. The Activation energy, Ea = 
2,34.105 KJ/kmol, and the expression of the kinetic constant, k = 2,32.1026. exp 
(-2,34.105/RT). 
 
5.2 Outlook 
a) Experiments in the lab scale apparatus with catalyst B (WO3/ZrO2) (supplied by 
Arkema), which showed good results in the minimization of the by-product 
formation. 
 
b) Determination of the reaction mechanisms for the identified products. This will 
allow the understanding of the several routes to avoid or minimize the side-
reactions. 
 
c) Identification of the obtained but unidentified by-products and their mechanisms 
of production. 
 
d) Development of a new catalyst to carry out the dehydration and oxidation 
reaction in one step. 
 
e) Determination of the catalytic activity of the catalyst A to know how often the 
active catalyst can be applied without regeneration. 
 
f) Determination of the catalyst regeneration, to find out how many regeneration 
cycles the catalyst can be used to achieve the same results. 
 
 
 
 
 
 
 
 
 
 
 
 
 
132 Conclusions and Outlook 
 
 
 
Annex. Description of the Process                                                                           133 
6 Annex. Description of the Process Elements 
6.1 Description of the process elements. Laboratory Plant 
In this section, every one of the main elements of the process will be described 
more detailed. 
6.1.1 The Pumping system 
The pumping system includes the pump and the reactant balance. 
6.1.1.1 The Pump 
The pump used for the process is a dosification pump. The pump works with two 
parameters: pumping frequency and pumped volume, and can be regulated manually. Its 
characteristics are: 
   
  Mark: Telab 
Model: PTFE-Minidosierer BF411 
Frecuency: 0 – 100 % 
Pumped volume: 1 – 30 pistons/minute 
 
The Picture 1 shows the used pump:  
 
 
Picture 1. Pump. 
6.1.1.2 The reactant balance 
A balance helps to register the amount of pumped glycerol solution and to check 
the total mass balance. It is important to mention, that the pump does not pump always 
the same amount of glycerol solution. By registering the mass loss with the balance, the 
134 Annex. Description of the Process 
 
exactly amount of pumped solution can be better determined. The balance works with a 
precision of one decimal position (0,0). The characteristics of the balance are: 
 
 Mark: Kern 
 Model: 440-49N 
 Range of work: 0 – 4000 g 
 Precision: 0,1 g 
 
A picture of the balances for feed and product can be seen in Picture 2. 
 
 
Picture 2. Lab Plant balance 
 
6.1.2 The Oven and the reactor 
6.1.2.1 The oven 
The oven permits to carry out the reaction at several temperatures, but in one 
single zone. A controller plugged to the oven registers and controls the temperature 
inside of the oven. The way in which the desired temperature is reached can be also be 
programmed with this controller. A thermocouple is connected to the controller and 
introduced into the oven to register the current temperature. A heat homogenization 
system (a ventilator), is also in the oven to assure the heat homogenization. 
 
The oven with the heat homogenization system is shown in the Picture 3. 
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Picture 3. Lab Plant oven with heat homogenization system. 
6.1.2.2 The Reactor 
The reactor used to carry out the dehydration of glycerol consists in a straight 
metal tube. The reactor is placed vertically in the oven. The reaction takes place in the 
volume occupied by the catalytic bed, placed on the bottom of the reactor. The rest of 
the reactor and, as well as the connection of the reactor to the main line pipe are empty 
and used as a pre-heating zone. The characteristics of the reactor are: 
 
 Length: 13 cm 
 Inlet Diameter: 1 cm 
 Wall thickness: 1 mm 
 
The reactor with the pre-heating zone, the by-pass and the oxygen addition 
system can be seen in Picture 4a and Picture 4b. 
 
a)  b)  
Picture 4. Lab Plant (a) reactor with pre-heating zone. (b) By-pass and oxygen addition system. 
 
6.1.3 The Cooling, collecting and sampling system  
To improve the cooling and sampling system, a new cooling system based on a 
glass reflux heat exchanger and on a continuously glass cooled double–coated flask was 
built. The gases coming out from the reactor were condensed and with the help of a 
Pre-heating zone Reactor 
Ventilator for the 
heat homogenization 
By-pass 
Oxygen 
addition  
136 Annex. Description of the Process 
 
valve, the liquid sample could be collected in a GC-glass for the analysis, or in a bottle as 
storage.  
 
In this system, the pipe, where the gases of the reactor come from, has been 
directly conducted through a septum in the double-coated flask (Picture 5b) cooled 
automatically with the help of a cryostat (Picture 5a). The characteristics of the cryostat 
are: 
 Mark: Medinger 
 Model: K10 ES 
 Range of work: -10…..+100 °C 
 Cooling fluid: approximately 25 % Glycerol + 75 % Water 
 Cooling temperature: 1,0 °C 
 
This flask is continuously cooled (Picture 5b). It keeps also the condensed product 
cooled avoiding the loss by evaporation. A reflux heat exchanger has been also installed 
on the top of this flask to assure that, if some evaporation occurs, the condensed product 
returns back into the double-coated flask (Picture 5c). A T-system between the double-
coated flask and the reflux heat exchanger has been installed to carry out cleaning 
operations in the flask after every reaction (Picture 5e). A valve has been placed at the 
bottom of the double-coated flask to allow the sampling of the reaction mixture at any 
time (Picture 5d). 
 
No additional water in the double-coated flask is necessary to keep the product 
cooled as in the old cooling system. Experiments, with and without water in this 
recipient, were carried out and the same results were obtained for both of them. With 
this new system, the addition of water in every sampling is not necessary any more and 
it avoids the possible dilution of by-products, which could not be observed in the GC 
analysis. 
 
After a certain reaction time, normally every hour, the sample of the product 
mixture is collected in the double-coated flask. GC-glasses are previously weighted and 
identified with the experiment number, and number of sample. By screwing a GC-glass, 
and opening the valve of the flask, a sample can be taken. The GC-glass is immediately 
closed with a cap provided with a septum. A previous weighted bottle is also screwed to 
the flask. The rest of the product is transferred from the flask into the bottle (Picture 5f), 
and then it can be weighted to check the total mass balance. This bottle is kept in a 
fridge between samples to avoid the evaporation of the collected product. The GC-glass 
containing the sample is then analyzed, previous introduction of a certain and known 
amount of an internal standard. The internal standard is a compound introduced in the 
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sample to carry out afterwards the calculation of the selectivity and conversion. By 
introducing an internal standard, it can be avoid the error caused by the injected amount 
into the chromatograph, in order to obtain a certain concentration (relationship between 
products and standard). In this way, the relation of the obtained peak areas of the 
different products and standard is depending on the concentration and not on the 
injected amount. 
 
After introducing the internal standard through the septum, the GC-glass is again 
weighted, and after mixing the standard with the product, the injection is washed several 
times with the sample of the GC-glass and finally the it is injected into the 
chromatograph. 
 
The cooling, sampling, cleaning and collection system can be seen in Picture 5. 
a)   b)   c)   
d)    e)    f)  
 Picture 5. Lab Plant (a),(b), (c),cooling, (d) sampling, (e) cleaning, (f) collection system. 
 
6.1.4 Analysis by gas chromatography 
To calculate the glycerol conversion and the production of acrolein, in terms of 
selectivity, the collected samples have to be analyzed. The chosen method was the gas 
chromatography with flame detector (FID) 
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The gas chromatograph consists in the separation in gas form of the different 
compounds of a mixture. The separation takes place in a solid phase, called stationary 
phase. This phase is packed in a thin and long column, and has a certain polarity, 
responsible for the separation of the different products. Normally a certain temperature 
program is required to carry out the separation of the components of the mixture. The 
column is place inside of an oven, which function is to heat up the column to carry out 
the separation. The separation requires also a carrier gas, which carries the gaseous 
mixture along the column, and all the compounds are separated according to their boiling 
point. After this, a detector transforms the signal and with help of an integrator the 
different peak areas are obtained on a chromatograph. In this case, a Flame Ionization 
Detector (FID) was used. 
 
The mobile phase from the GC column is fed into the hydrogen stream and when a 
solute is eluted, the temperature of the flame increases together with the thermocouple 
output. A backing-off circuit and a potentiometer, monitors the thermocouple output. In 
the FID, the thermocouple is replaced by an electrode situated away from the flame and 
a potential of a 100-200 volts applied between the jet and the electrode. This potential 
collects any ions or electrons formed in the flame during combustion of an eluted solute, 
which is monitored as an increase in ion current by a high impedance amplifier. During 
the elution of a carbon containing substance, it is thought that microscopic particles of 
carbon are formed that thermally emit electrons and which provide the signal current to 
the high impedance amplifier. The results are obtained through an integrator, where the 
peak areas of the different species are obtained. 
 
 To carry out the calculation of the conversion and selectivity, it is necessary to 
identify the species (compound and retention time), and to obtain calibration curves for 
every identified compound. These calibration curves and the calculation method are 
described in the chapter 2. 
 
The analysis have been performed with a Fisons GC 8000 Series, EL 980 
apparatus (FID detector), with manual injections. Integrator: Shimadzu C-R3A. 
 
Packed column 2,5 m × 1/8” (3 mm ID) - 10% FFAP on Chromosorb BW-AW, 
80/100 mesh. The temperature program is: 
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GC Temperature program 
 
Conducting gas: Argon 
Injection V = 0,5 – 1,0 µL (manually) 
Injector T = 270°C  
Detector T = 230°C, filament T = 240°C  
(Filament temperature must be higher than the detector one) 
Argon flow, Carrier P = 230 kPa 
Hydrogen flow (2,2 l / h), P = 75 kPa 
Air flow (29 l / h), P = 90 kPa 
 
Integrator:  
Width = 5; Drift = 0; T.DBL = 0; Attenuation = 3; Method 41; 
SPL.WT = 100; 
Slope (determined everyday morning with S.TEST); 
Min. area = 100; Stop TM = 40; Speed = 7; Format = 0; IS.WT = 1 
 
6.2 Description of the process elements. Pilot Plant 
The single elements of the apparatus are the same as for the lab scale apparatus 
(Chapter 3). Only the new elements used in the pilot scale will be described.  
6.2.1 The Pumping System 
The pumping system is similar as it was used in the lab scale apparatus. For the 
pilot plant other balances have been used. Kern 572-45, from 0 – 12 kg for the reactant 
balance, and Sartorius CP16001 S, from 0 – 16 kg for the product mixture balance, both 
with 0,1 g precision. 
6.2.2 The Oven and reactor 
6.2.2.1 The oven 
The oven (Picture 6a) permits to carry out the reaction at different temperatures, 
in three independent controlled zones (Picture 6b). The top zone has two functions: to 
60°C 
238°C 
10°C / min 
5 min 23 min 38 min 
140 Annex. Description of the Process 
 
carry out the pre-heating of the reactant as well as to help to control the temperature in 
the middle zone, where the reactor with the catalyst fix bed is placed. The bottom zone is 
used to help to control the temperature in the middle zone. Thermocouples are 
integrated along the oven to register and control independently the temperature of every 
zone. The temperature in the three different zones of the oven is shown on the displays 
of the box controller (Picture 6c). The controller allows the control of the three different 
zones independently. The way, how the desired temperature is reached can also be 
programmed with this controller. The characteristics of the oven and controller are: 
 
 Mark: Carbolite 
 Model: TVS 12 / 900 E 
 Max. Temperature: 1200 °C 
 Power: 4500 W, 400/230 Volts, 50 – 60 Hz 
 Phase: 3 + N 
 
Pictures of the oven, heating zones and controller are shown in Picture 6: 
a)  b)  c)  
Picture 6. Pilot Plant. (a) Oven, (b) heating zones, (c) temperature controller 
 The results of the pilot plant can directly used for the industrial scale. However, in 
the industrial scale, other heating systems are normally used for heterogeneous catalysis 
in fixed bed reactors. The multitubular reactor is one of them. In this reactor, the catalyst 
is placed in the reactor in a single stage and the heat is supplied by steam or other 
heating gas, which flows through several tubes placed inside of the reactor. Figure 7 
shows the schema of the multitubular reactor. 
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Picture 7. Schema of the multitubular reactor. 
 
6.2.2.2 The Pre-heating zone 
The pre-heating zone in the pilot plant is an important part. In the pilot scale 
apparatus, the gases flow faster than in the lab scale apparatus. To assure that the gases 
reach the desired temperature it is necessary to have a big pre-heating zone. The pre-
heating zone consists in two straight stainless tubes with the same reactor dimensions 
(Length: 27 cm, inlet diameter: 2 cm). These two tubes are connected in serial 
disposition and filled with glass spheres (1,25 – 1,55 mm). The pre-heating zone is 
placed in the top and middle zones of the oven. A picture of the pre-heating zone can be 
seen in the Picture 8. 
 
 Picture 8. Pilot Plant pre-heating zone. 
Catalyst 
Steam 
Steam 
Product 
Reactant 
Steam 
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6.2.2.3 The Reactor 
The dehydration of glycerol is carried out in a straight metal tube reactor. The 
reactor design is described in the chapter 4, section 2. The reactor (Picture 9a) is placed 
vertically in middle zone of the oven and the catalytic fix bed is supported by a thin mesh 
to avoid the loss of catalytic particles. Different mesh can be used depending on the 
catalytic particle size used. The reaction takes place in the volume occupied by the 
catalytic bed, placed on the bottom of the reactor. The rest of the reactor is empty and 
can be used as a pre-heating zone. An external thermocouple system has been 
integrated in the reactor to register the current temperature inside of the reactor (Picture 
9b). The characteristics of the reactor and external thermocouple system are: 
 
 Length: 27 cm 
 Inlet Diameter: 2 cm 
 Wall thickness: 5 mm 
 
The reactor and external thermocouple system can be seen in Picture 9: 
       a)  b)  
 
Picture 9. Pilot Plant (a) reactor , (b) thermocouple system. 
6.2.3 The Cooling and sampling system  
The cooling and sampling system is similar as it was used in the lab scale 
apparatus. 
6.2.4 Analysis by gas chromatography 
 
The same process carried out as in the lab scale unit. 
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